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COMPARISON WITH
UNSATURATED *He FILMS

In our work we investigate 3He confined within a
nanofabricated cavity of constant height, giving a sin-
gle “film thickness”, D = 80nm. This height scaled by
the pressure-dependent Cooper-pair size, &g, as in Fig. 1c
in the main text, allows comparison between different ex-
periments, regardless of the used cavity heights.

Here we clarify the origin of the factor of two differ-
ence [45] between the “measured and effective film thick-
nesses” used in Ref. [44], where unsaturated (zero pres-
sure) thin 3He films of variable height grown on solid Cu
disk were studied. The authors of Ref. [44] demonstrate
diffuse quasiparticle scattering off the relatively rough
Cu substrate and assume specular scattering off the free
surface of the film. The same assumption has also been
made in Refs. [47, 48] [60]. Further experimental evidence
for specular scattering at a free surface is discussed in
Ref. [49].

At the perfectly specular free surface the A and pla-
nar phases experience no pair breaking [60, 62]. This
leads to a direct correspondence between the T, suppres-
sion in an unsaturated thin film of thickness D on a dif-
fusely scattering substrate and a slab of 3He of thickness
2D confined between two diffusely scattering surfaces.
The latter configuration has been theoretically consid-
ered in Ref. [63]. Good agreement with that work jus-
tified adopting 2D as the “effective film thickness” in
Ref. [44]. When discussing the mass transport anomaly
(“phase transition”) reported in Ref. [44] at effective film
thickness 275 nm, we halve that value to obtain the corre-
sponding actual measured film thickness (D =~ 137 nm).
We apply no scaling to our results. We follow Ref. [43]
in using the term “effective cavity height” for the di-
mensionless ratio D/&, an important tuning parameter
under confinement [59] 60} 63].

NEARLY SPECULAR BOUNDARY CONDITIONS

As discussed in the main manuscript, close to spec-
ular boundary conditions were achieved by preplating

the silicon surfaces with a *He film of surface coverage
100 pmol/m?2. Due to the preferential adsorption of *He
over 3He, this results in a ~30 pmol/m? solid *He layer
coated with a layer of 2D superfluid “He separating liquid
3He from the silicon substrate [43, K1, (52, 58]. Surface
charges on silicon may affect the adsorption potential,
and therefore influence the uniformity of the He film and
the specularity. To eliminate this source of disorder, we
passivated the silicon substrate, thus lowering its surface
charge density [0l [7I]. Our approach was to chemically
etch away the natural surface oxide, immediately followed
by growing of a thicker than 10 nm dry thermal surface
oxide layer under controlled conditions [50, [67 [72].

The influence of a *He surface boundary layer on the
specularity of surface scattering of 3He quasiparticles
has been conducted both in the normal and superfluid
states as a function of *He film thickness and 3He pres-
sure. Using torsional oscillator or transverse acoustic
impedance [5IH53] it has been found that approaching
full specularity S = 1 requires a threshold finite super-
fluid density of the *He film. These methods are not how-
ever well-suited to detect the small departures (S > 0.97)
from perfect specularity we are able to resolve from the
T. suppression of confined superfluid 3He in the NMR
experiments.

One candidate for the small decrease in specularity,
present even for an ideal solid surface with perfectly uni-
form helium adsorption potential, is *He states within
the “He film. It is well known that 3He has a finite solu-
bility in bulk “He of approximately 6%. The solubility of
3He in a thin surface *He film of thickness comparable to
that used here, and in contact with finite-pressure bulk
(or confined) liquid 3He, is not well established. It is ex-
pected to be strongly influenced by the surface: The pref-
erential binding of *He to a surface is well understood,
arising from its higher mass and hence smaller zero point
energy. Thin helium mixture films have been extensively
studied on heterogeneous surfaces, and more recently on
the uniform binding potential surface of graphite [54] 55],
which exhibit atomically layered growth. Even though
theory indicates the possibility of finite density of >He
states within the thin *He film, even for thin overlay of
3He, the nature of interaction between these states and



the 3He quasiparticles outside the film is unknown. The
possible effect on the surface specularity for He could
be quantified by a systematic study as a function of ‘He
film thickness around 100 pmol/m? and as a function of
pressure. Such task was beyond the scope of this work.

Additionally, in the strongly 2D limit of a 3He film, a
new treatment will be required for the influence of the
surface on superfluidity. For the quasi-2D films so far
investigated—where the normal state Fermi surface is
essentially as in 3D—the treatment is in terms of the
quasiclassical theory of pair breaking by surface scatter-
ing. In the 2D limit we have an ensemble of a few 2D
Fermi disks, i.e., a set of possibly weakly interacting lig-
uids, each with its own in-plane Fermi momentum. This
is expected to profoundly modify the scattering interac-
tion at the surface. Here a treatment in terms of effective
surface disorder potential could be appropriate [56].

GAP SUPPRESSION BY SPECULARITY S =0.98

Any non-specular boundary condition (S < 1.0) sup-
presses the energy gap close to the surfaces, resulting
in the suppression of the superfluid transition temper-
ature T [60] 64]. Despite the acquired spatial depen-
dence of the gap, the NMR precession across a cavity
with D < ¢&p is uniform [82]. Here &p ~ 10pm is the
dipolar length [35]. Frequency shift A f is determined by
the spatially averaged value of the squared energy gap,
(A%(2)), and Eq. (1) in the main text can be written
as [43), 61]
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The T.-suppression measurements presented in Fig. 1c in
the main text give surface specularity close to S = 0.98
within our D = 80nm cavity. The corresponding sup-
pression of the energy gap, based on the calculations us-
ing the quasiclassical weak-coupling theory [60] 65, [76]
and shown in Fig. [STh, is minuscule over the full pres-
sure and temperature span, allowing the identification of
the superfluid phase within the cavity as 3He-A. Addi-
tionally, this cannot explain the observed deviation of the
inferred gap values (Fig. 3 in the main text and Fig.
here) from the weak-coupling BCS (bulk *He-A, S = 1.0)
temperature dependence, allowing the precise determi-
nation of the strong-coupling effects particularly visible
at higher pressures. For example, at 21.0 bar the calcu-
lated squared energy gap with S = 0.98 deviates from
the squared BCS gap by less than 1% over the full tem-

perature range, see Fig. [STp.
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FIG. S1.  (a) The spatially averaged values of the squared

energy gap with specularity S = 0.98 corresponding to dif-
ferent effective cavity heights D /&y (colored dashed lines) do
not significantly deviate from the BCS temperature depen-
dence of the squared bulk *He-A gap, equivalent to S = 1.0
(black solid line). The quoted values of D/&p correspond to
pressures 0.2, 2.5, 5.5, 12.0, and 21.0 bar within a D = 80nm
high cavity, from the lowest given value of D /& to the highest,
respectively, taking into account the cavity height distortion
by pressure [43]. (b) The deviation of the calculated spatially
averaged values from the squared BCS gap A(Q),Bcs relative
to its value at T = 0. The relative difference smoothly de-
creases with decreasing temperature, with the strongest con-
finement (the smallest D /&) showing the largest suppression.
The lines do not reach Tyo due to small suppression of T¢,
given in the legend in panel (a). The ripples visible around
T./Teo =~ 0.2 are artifacts of the calculations.

INITIAL SLOPES

The initial slope ISy = 0 |f? — f2| /0 (1 = T/T) is a
good indicator distinguishing between different super-
fluid phases. It can be determined from the linear fit
for the squared precession frequency shift | f% — f2| ver-
sus temperature [43] [6I]. The agreement is truly lin-
ear only very close to T, so the temperature range used
in the determination of the experimental value needs
to be carefully chosen. In the main text we use range
0.907T. < T < T, which is a suitable compromise be-
tween precision and accuracy, taking into account the
number of data points within the range and the re-
lated uncertainties [43]. Initial slope defined this way
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FIG. S2. Initial slopes of frequency shift versus tempera-
ture determined within range 0.957. < T' < T. compared to
previous bulk 3He-A experiments. Violet squares show the
combined specular data from cavities with D = 80nm and
D =192nm [43]. Violet line is a linear fit to these data. The
high-field experiments (blue downward-pointing triangles) and
the linear fit (the blue dashed line) of the bulk *He-A initial
slope are from Refs. [T7H79] using the same 5% range below T,
for determining them. The data based on stable and/or su-
percooled bulk *He-A are from Ref. [80] (red upward-pointing
triangles) and from Ref. [81] (black diamonds). In these works
the used range differed from 5%, so the values have been ad-
justed to compensate for the systematic differences [43].

is thus ideal for the conversion between the measured
frequency shift and the energy gap. However, various
temperature ranges have been used to infer the values
of the initial slope reported in the literature. To avoid
the systematic differences and to allow comparison, we
adjust the values using the relative range dependence
of the initial slope of the calculated weak-coupling en-
ergy gap ISR = 9A2 ;s/0 (1 — T/Tw), as described
in Ref. [43]. In Fig. we show the data using range
0.957T. < T < T, to allow unadjusted comparison to the
most complete data set from the earlier bulk 3He-A ex-
periments in Refs. [T7H79). We also combine the data
measured with cavities of D = 80nm (this work) and
D =192nm [43] (data only available below P < 5.5bar)
having similar *He preplating. The other included ex-
periments used different ranges [80] [81], so we have used
the abovementioned scaling to bring those values into
the same 5% range below T.. The value of ISy increases
linearly with pressure, as seen before, and our measure-
ments are in a good agreement with the earlier work.

TEMPERATURE DEPENDENCE OF
STRONG-COUPLING EFFECTS

Near the superfluid transition temperature Tq the en-
ergy gap can be described by Ginzburg-Landau (G-L)

theory and directly related to the specific-heat jump ACx
at the transition. In the A phase the maximum Ag of the
gap in momentum space is given by [35]

_ a(T) _ ACH
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where «(T) and fa45 are coefficients of the G-L the-
ory. The full temperature dependence of the gap is well-
established within the weak-coupling BCS theory. In this
limit the scale of the gap, Ag pos(T), is fully determined
by the value of T.5. However, since the experimentally
observed ACx o B,k is larger than the BCS value [84],
the gap is enhanced by the strong-coupling effects, the
more the higher the pressure.

A simple way to take this into account, used in
Ref. [43], is to scale Ag pos(T') using the established be-
havior near T¢q:

A2(T) (mkpTe)?(1 = T/Teo),  (S2)
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Eq. successfully describes the pressure-dependence
of the straight-line behavior of AZ(T) in the G-L regime,
Eq. , but overshoots the data at lower temperatures,
see Fig. and Fig. 3 in the main text. This is a man-
ifestation of the reduction of the strong coupling effects
on cooling. Wiman and Sauls have suggested to incorpo-
rate this phenomenon into the G-L theory by giving all
B; coefficients a temperature dependence [85]

55:(T) = Bi(T) — BB — (B,(Tuo) — B°S) Tlo
T

where ;(Tw0) = f; is the conventional G-L parameter at
T.o based on a set of experiments [§4]. In particular,
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This model improves the agreement with the NMR data
down to T ~ 0.71y, consistent with the key success
of Eq. in capturing the bulk A-B phase boundary
Tas(P) [85], which occurs above min(Tap) = 0.7870.
At lower temperatures Eq. underestimates the gap,
with unphysical prediction that at any pressure the weak
coupling limit is reached at T — 0, see Fig.

A very good agreement with the experimental data is
obtained by replacing 7'/T¢ in Eq. with a function
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FIG. S3. Comparison of the measured and calculated energy
gap. Calculations beyond the BCS T-dependence are based
on Eqs. (S6) (densely dotted lines) and (dashed lines).
The pressures from the lowest to the highest data set are 0.2,
2.5, 5.5, 12.0, and 21.0 bar, respectively.

of temperature behaving similarly above 0.77.y but not
dropping all the way to zero at T — 0,

Afses(T)
“ury )

This expression, illustrated in Fig. [S3] and also in Fig. 3
in the main text, leads to a successful ansatz for the
temperature dependence of the energy gap:

55i(T) = 551‘(Tc0) (1 —0.09

BCS
AZ(T) = 2245 A2 T S8
0( ) 6245 (T) O,BCS( ) ( )
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Here the factor 0.09 is chosen to roughly fit the data.
Since a similar expression with a freely chosen prefac-
tor could be constructed using the B-phase gap, it re-
mains as a task for the future to test whether Egs. (S7))
and based on the relevant weak-coupling gap values
could quantitatively describe also the B phase or dis-
torted phases under confinement.

METASTABLE PLANAR PHASE
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FIG. S4. The superfluid frequency shift in the D = 80 nm

cavity at 0.2bar during a temperature sweep up after first
cooling down through 7T, with the NMR field off (green stars)
vs. the usual NMR field on at Ho & 30 mT (red circles). Since
in both cases Af is negative and identical, the planar phase is
ruled out as a possibility. Superfluid transition temperature
T. in the cavity is indicated by the yellow star and T¢o in the
bulk marker by the black dashed line.

The A-phase order parameter in our experimental con-
figuration (d L z and 1 || 2) is written as [61]

A(P) = Ao (P +ipy) [IT1) + D] - (59)

This form corresponds to 1= +% and is degenerate with
order parameter of the form p, —p, corresponding to 1=
—2z. The time-reversal invariant planar phase, which has
not been observed experimentally, is degenerate with the
A phase in the weak-coupling limit. Its order parameter
is

A(P) = Ay (=Pa + ipy) [T1) + Ay (P + ipy) 1) - (S10)

In the weak-coupling limit these two phases have an iden-
tical energy gap, Ag = A

In its minimum-energy state P;, the planar phase
would have a positive frequency shift. However, just
like the B phase, the planar phase (which is the extreme
limit of the B phase with planar distortion) can exist
in a metastable dipole-energy state P_ supported by the
confinement and magnetic field [61], 82), [83]. This state
would have identical NMR signatures with the dipole-
unlocked A phase in the confining cavity: temperature-
independent magnetization, negative frequency shift, and
the same tipping-angle dependence. In the weak-coupling



limit, especially relevant at low pressures, the magnitudes
of the frequency shift would coincide as well, making the
phase identification based on NMR signatures alone chal-
lenging.

We never observed positive frequency shift arising
from the cavity, so P; phase is out of the question.
Since in normal operation we always had the polariz-
ing Hy ~ 30mT NMR field on, it was possible, how-
ever unlikely, to stabilize the P_ phase within the cavity
each time we cooled down into the superfluid state. Such
a metastable phase could not exist without a magnetic
field and instead converts to Py at fields below the dipole
field Hp ~ 3mT [82]. Thus, we ruled the P_ state out
by cooling through T, in zero field at P = 0.2bar. Af-
ter reaching T" ~ 0.75mK, we ramped the field slowly
back up before starting to record the NMR signals and
to sweep the temperature up to characterize the super-
fluid frequency shift. Positive frequency shift at this
point would have indicated an existence of a stable pla-
nar phase P;. However, since Af remained unchanged
compared to the usual cooldowns (see Fig. [S4)), we con-
firmed that the dipole-unlocked A phase was stable even
here.

A-PHASE GAP SIZE QUANTIZATION

In very thin superfluid films the size quantization in
the momentum space results in the Fermi sphere tran-
sitioning into a series of Fermi disks, see illustration in
Fig. 4 in the main text. In such a state only the energy
gap values corresponding to the allowed momentum val-
ues are present, giving a possibility to avoid, e.g., any gap
nodes existing in the full bulk energy gap. In the deriva-
tion below we do not consider any possible modifications
to the pairing interactions by strong confinement.

The bulk A-phase energy gap is Ay = Ag|sin 0| where
0 is the angle in momentum space between the anisotropy
axis 1 and p [35]. Assuming for simplicity that the su-
perfluid film in z-direction is trapped within an infinite
potential well of width D, we get the set of allowed sub-
states k.(n) = mn/D where n is an integer. If we take
ng to be the total number of Fermi disks for 0 < k, < kg
and assume that the substate corresponding to ng crosses
the pole, where § = 0 and Aa = 0, we have k,(ng) = ky
and ng = kpD/m. The value of k at the Fermi surface is
kp =7.9nm™! at Obar and 8.9nm™! at 34 bar.

We can write anywhere on the Fermi sphere (we as-
sume 0 < 6 < /2, the rest follows from the symmetry)

k2

cosf = E = sinf =

. 11
. R BW

This allows us to write the A-phase energy gap as a func-

tion of n:

n2
1- —.
g

Ap(n) = Agsinhd = Ay (S12)

If one fine tunes the above system, e.g., by adjust-
ing P and/or D, to push the allowed values of k. up,
thus making ng non-integer, the nodes in the gap and
the related low-energy states for the quasiparticles dis-
appear [5]. As a result, the energy gap corresponding to
the highest substate n < ng becomes the smallest allowed
gap value, min(Ay,).

The larger min(Ay) is the easier it is to cool the sys-
tem down to temperatures where the gaplessness of chi-
ral 3He-A is fully manifested and the physics of two-
dimensional film can be accessed [34]. For example, tak-
ing D = 10nm and P = 0bar, we would have ng ~ 25
and min(Ap) ~ 0.28A,. The corresponding tempera-
tures in 3He are accessible. The extreme confinement
required to observe this effect may also suppress the su-
perfluidity if the specularity is insufficiently close to 1.
We argue that this is not the case for the boundary con-
ditions achieved in this experiment: extrapolating the
quasiclassical calculation deep into the quasi-2D regime,
the S > 0.97 boundary condition created here will at
most result in 25% suppression of T, in a D = 10nm
cavity.
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