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The B phase of superfluid *He is a three-dimensional time-reversal invariant topological superfluid,
predicted to support gapless Majorana surface states. We confine superfluid *He into a thin nanofluidic
slab geometry. In the presence of a weak symmetry-breaking magnetic field, we have observed two
possible states of the confined 3He-B phase manifold, through the small tipping angle NMR response.
Large tipping angle nonlinear NMR has allowed the identification of the order parameter of these states
and enabled a measurement of the surface-induced gap distortion. The results for two different
quasiparticle surface scattering boundary conditions are compared with the predictions of weak-coupling
quasiclassical theory. We identify a textural domain wall between the two B phase states, the edge of
which at the cavity surface is predicted to host gapless states, protected in the magnetic field.
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The concept of topological order in quantum condensed
matter systems was first introduced to explain the quantum
Hall effect [1] and to classify fractional quantum Hall states
[2]. Following early work on superfluid *He [3] and with the
recent prediction and discovery of the quantum spin Hall
effect [4-6] and topological insulators [7-10], it has been
extensively applied as a powerful tool in the classification
of new states or phases of matter, complementing the
established classification in terms of broken symmetries.
See [11,12] for recent reviews. The construction of a peri-
odic table for topological insulators and superconductors
[13] has focused attention on topological superconductors,
in part due to the prediction that these will host Majorana
fermions. In particular, there is a search for odd-parity time-
reversal invariant superconductors. The recent discovery of
superconductivity in Cu,Bi,Ses, a copper intercalated topo-
logical insulator, has led to it being proposed as a candidate
topological superconductor [14]. However, recent experi-
mental evidence [15] points rather to this system being
s-wave.

In this context there is naturally renewed interest in
superfluid *He-B [16-18], as the established time-reversal
invariant odd-parity condensate of p-wave pairs. The
Bogoliubov—de Gennes Hamiltonian for 3He-B, a fully
gapped superfluid, corresponds to that of a 3D topological
insulator [19]. The momentum space topology of 3He-B
was first extensively discussed by Volovik and co-workers
[3,20]. The nontrivial topological invariant of this super-
fluid has Z, classification, as does the closely related planar
state [16]. This bulk invariant necessarily gives rise,
through bulk-boundary correspondence, to topologically
protected gapless surface excitations.

The quasiclassical theory of superfluid *He provides
the theoretical framework to calculate the influence of
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the surface in terms of the microscopic details of surface
scattering of Bogoliubov quasiparticles [21]. It determines,
self-consistently, the spatial dependence of the superfluid
order parameter approaching the surface and the spectrum
of the surface excitations (surface Andreev bound states).
Conveniently for superfluid *He the surface scattering is
subject to experimental control, via preplating with a super-
fluid “He film, and in principle by engineering the surface.
For specular scattering these surface excitations are pre-
dicted to be Majorana fermions, with a linear dispersion
relation [18].

Surface effects in superfluid *He can be studied at the free
surface or at solid boundaries in bulk liquid, or in thin films.
In previous experimental work, there is evidence of surface
states with energy well below the bulk energy gap from the
critical velocity of vibrating wires [22]; the contribution of
surface bound states to the heat capacity has been detected
in silver sinters [23], as well as contributions to the attenu-
ation of transverse zero sound [24]. Furthermore, the spec-
trum of midgap surface excitations and its dependence on
surface quasiparticle scattering has been investigated by
measurements of the transverse acoustic impedance [25].

In this Letter we report an experimental study of the
surface distortion of the *He-B order parameter within a
single well-characterized nanofabricated slab geometry, of
height D = 0.7 pwm approaching the superfluid coherence
length &y = hvp/2akyT,, where kp is Boltzmann’s con-
stant, 7 is Planck’s constant divided by 27, v is the Fermi
velocity, and T, is the superfluid transition temperature.
Using a sensitive SQUID NMR spectrometer, we measured
the shifts of the precession relative to the Larmor fre-
quency to probe the superfluid order parameter. We refer
to [26] for a description of the new techniques we have
developed for these measurements. In these nanofluidic
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FIG. 1 (color online). Calculated spatial dependence of the
two components of the B phase gap for diffuse (solid lines)
and specular (dashed lines) boundaries (a) near a wall at z = 0
[41] and (b) in a slab of thickness D = 10£, [42].

samples the influence of the walls extends through the
cavity. We show that the nonlinear response to pulsed
NMR at large tipping angles allows us to conclusively
identify the order parameter and characterize its surface-
induced distortion.

Theoretically, the surface is predicted to induce a planar
distortion of the B phase order parameter

A(p) = Ay(@)(=pe + ip I + Ay(2)(B, + iy
+ AL (@[ 1)+ 1ID] (1)

where z is the direction of the surface normal. This expres-
sion describes states ranging from the bulk B phase with
isotropic gap A} = A| to the planar phase where A} = 0,
realized at the walls due to complete suppression of the
pairs with orbital angular momentum in the plane of the
walls. Typical profiles of Aj(z) and A, (z) are shown in
Fig. 1. For p-wave pairing the order parameter can be
represented as a matrix A via A(p) = io,,0yA,,; p;, where
o, are the Pauli matrices. The degenerate manifold of
planar distorted B phase states is given by

Auj = €OR[A)8,; + (AL — ADo,0,] (2

where 0 is the gap anisotropy axis, e? is an overall phase
factor, and the matrix R = R(fi, ) describes the rotation
of spin relative to orbital coordinates by angle # about
axis fi. In the state (1), § = ¢ = 0. The degeneracy is
lifted by the spin-orbit energy arising from the coherent
nuclear dipole-dipole interaction and the nuclear Zeeman
interaction in an applied magnetic field. The orientation
of the order parameter (R) is determined by the combined
influence of these energies and the presence of surfaces
[27,28].

Our experiment was performed in a static NMR field of
32 mT applied along the surface normal Z at a pressure of
5.5 bar. The B phase was observed below the transition
from the A phase at 7,5 = 0.77%% [26], where TPk =
1.5 mK is the bulk superfluid transition temperature. At
this pressure &, = 40 nm. We first discuss our observa-
tions at the low temperature T = 0.47%%. The pulsed
NMR signatures identified with the B phase are shown in
Figs. 2(a) and 2(b). When probing with a small tipping
angle, we sometimes observe a state B, with a positive
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FIG. 2 (color online). NMR signatures of the B phase confined
in the slab at T = 0.4T%k, (a),(b) Spectra (Fourier transform of
free-induction decay) observed after small tipping angle 8 = 2°
pulses on separate cooldowns from the A phase show either a
positively shifted (B ) or a negatively shifted (B_) NMR line, or
a combination [26]. (c),(d) Dependence of the frequency shift on
the tipping angle B in nonlinear NMR experiments on B_ and
B .. These data provide a measurement of two gap distortion
averages, ¢ and O (3). The B, data at 8 < 104° only (green
circles) were used in the fit, since magic angle 8* > 104° for all
g (see text). For comparison, the tipping angle dependence
predicted for uniform planar distortion ¢ = A, /A is shown.

frequency shift relative to the normal state Larmor frequency,
or a state B_ with a negative frequency shift, or a combina-
tion of both—different on each cooldown from the A phase
[29]. This behavior is understood as follows.

The surface-induced planar distortion orients 6 || Z.
The gap anisotropy gives rise to a magnetic susceptibility
X anisotropy with axis W = R0. Since xj > x, in a field
H the Zeeman energy, Fy = — S x1H* — S[x) — x11X
(W - H)2, is minimized when W = +H. This anisotropy is
much larger than the usual weak susceptibility anisotropy
induced in the bulk B phase by a modest magnetic field,
such as that used in our experiment, and is comparable to
the strong anisotropy found in the A phase. In the static
magnetic field of 32 mT the Zeeman interaction dominates
over the dipole interaction and orients w. The two orienta-
tions W = H and W = —H have different dipole energies
and give rise to the two distinct NMR responses [26,30].

The static magnetic field breaks the time-reversal invari-
ance of the B phase. Along with a spin S = yH/y (note
that *He gyromagnetic ratio vy is negative) it induces, due
to the superfluid order (2), a small orbital angular momen-
tum 1 = —R™'S = —R'yH/y. The direction 1 of this
momentum can be used to classify the orientations. The B
state has 1 = +H, while 1 = —H for B_ [30].
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To establish the identification of B, and B_, we per-
formed NMR measurements of the superfluid frequency
shift as a function of the tipping angle, shown in Figs. 2(c)
and 2(d) [31]. We generalize the previous theory of the
NMR in the B phase in the presence of a uniform planar
distortion [32] to the present case where the planar dis-
tortion is spatially dependent. Our slab geometry imposes
strong confinement on a length scale D much shorter
than the dipole length &, ~ 10 um set by the interplay
of the dipole and gradient energies. Under such conditions
the spin-orbit rotation R is uniform both in equilibrium and
during the NMR precession; the equilibrium orientation
and the spin dynamics are determined by the spatially
averaged Zeeman and dipole energy.

The dipole energy is a sum of terms proportional to Aﬁ,
AjAy, and A%, and we parametrize the relevant spatial
averages as

(A)(2)A 1 (2)) - [(Ai(z))]l/z' .

T o 2T l@o

For uniform planar distortion, § = Q0 = A /A.

In the equilibrium state B, (i = +ﬁ) the spin-orbit
rotation is about h =32 by 6 = arccos(—g/4), and
w =0 =n. This orientation minimizes both the
Zeeman and dipole energies and in the g, 0 — 1 limit
corresponds to the orientation of the bulk B phase. The
state B (1= —H), where i L 2, 6 = 7, and W = —0,
does not minimize the dipole energy. This state is
metastable in a magnetic field higher than the dipole field
Hp ~ 5 mT, the field at which the Zeeman and dipole
energies are comparable.

Importantly the nonlinear NMR response enables us to
both confirm this state identification and determine the
spatial averages g, Q characterizing the order parameter
distortion. We obtain the following frequency shift for
1= —-H:

y*ApNp
107y f L
In the prefactor in front of the squared gap N is the density

of states, Ap is the dipole energy strength constant [33],
and f; = |yH|/2 is the Larmor frequency. For i = +H,

Af+(B)
_ y*ApNp 2
L0 Qs !
X{l —q*+2(g> — Q%) cosp at cos 8 > cos3*
—1—-G—2(1+2G+ Q*cosB atcosfB <cosB*.
&)

Af-(B) = — (APIT +20Q%]cosB. (4)

Here, B* = arccos(g — 2)/(2g + 2) is the magic angle
which separates two modes of precession.
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FIG. 3 (color online). Dependence of gap distortion on tem-
perature and boundary conditions. (a),(b) Gap distortion pre-
dicted by quasiclassical theory [35], and results of nonlinear
NMR; (c) predicted weak temperature dependence of ratio §/Q
of distortion parameters. (d) Temperature dependence of the
small B frequency shifts Af. and Af_ in B, and B_ states;
(e) their ratio; (f) inferred temperature dependence of average
planar distortion assuming temperature-independent §/Q, in
comparison with prediction [43]. The experimental data range
is limited by the transition to the A phase [26].

It is apparent from Eq. (5) that the observed tip angle
dependence of the frequency shift below the magic angle is
a direct consequence of the nonuniformity of the planar
distortion. Fits to the B, frequency shift below the magic
angle, and the B_ data, Figs. 2(c) and 2(d), allow us to
measure this distortion; we obtain g = 0.68, Q = (.72 at
this temperature [34].

We determine the temperature dependence of the
average planar gap distortion from the ratio of the small
tipping angle frequency shifts of the stable and metastable
states Af. (8= 0)/IAf_(B— 0)] = (1 + > — 20)/
(1 + 20?); see Fig. 3. The measurements were performed
with two boundary conditions, “diffuse” and ‘“‘specular,”
where the surface quasiparticle scattering is predominantly
diffuse or specular, achieved by plating the cavity walls
with “He [26]; the measurements as a function of the
tipping angle discussed previously were with “diffuse”
boundaries. We exploit the result of quasiclassical theory,
Fig. 3(c), that §/Q is only weakly temperature dependent
[35]. We find reasonable agreement with the prediction of
quasiclassical theory in the weak coupling limit, showing a
smooth decrease of A | as T, is approached. The depen-
dence on quasiparticle surface scattering is in qualitative
agreement with the theory: specular scattering enhances
Ay (see Fig. 1) and hence reduces g and 0. In the weak

235304-3



PRL 111, 235304 (2013)

PHYSICAL REVIEW LETTERS

week ending
6 DECEMBER 2013

@ ——————
(1O T = 0.4Tbuk 0 N g
@ 0.8} ‘diffuse’ 1
- iffuse

© 06}
S 04} 0 1 d
So &

& 0.2f 0? ]
g £ & o | B TDW B_

0 5 10 15 20 25 30 ttttt =i
Turning field Hpin [mT]

(b)

FIG. 4 (color online). Metastability of the B_ state. (a) By
preparing the sample in B_ state, ramping the static field from
32 mT down to H,,, and back (we can only interrogate the state
of the sample in 32 mT), and measuring the relative weight of
B_ and B, NMR signals, we probe the stability of B_ as a
function of field H,;,. The B_ — B, conversion is observed
near H* = 20 mT. (b) Textural domain wall (TDW) between B,
and B_ and pinning mechanism. The arrows represent 1, free-
energy density F is shown schematically. The dipole energy Fp
difference between B_ and B, pushes the wall to the right,
expanding the B, domain; however, in a large enough field the
domain wall is arrested ahead of a scratch on the cell surface by
the Zeeman energy Fy of the domain wall.

coupling limit, the A phase is degenerate with the planar
phase and A | goes continuously to zero at T45. However,
the strong coupling effects shift 7, towards low tempera-
tures [26], and A | remains finite.

The observation of the coexistence of the two Ising-like
states B, and B_, Fig. 2(b), implies the existence of a
domain wall [30]. The creation of the metastable B_ state
and the stochastic nature of the coexistence of B, and B_
are consequences of the nucleation of the B phase at the
first-order A-B transition. We attribute the stability of the
coexistence of the higher energy B_ and lower energy B,
domains to pinning of the domain walls at scratches on the
cavity surface. Two classes of domain walls can exist in the
B phase: those where the energy gap is distorted, termed
“cosmological” [3], and textural, where only the orienta-
tion R changes [36,37]. The key difference between these
is the domain wall energy cost, determined by pairing
energy for the former, and Zeeman energy for the latter
class. Consequently, the width of these domain walls
is, respectively, of order &, and magnetic length &y =

fo[NFAﬁ/(Xll — xU)H? 12> & [33], €y~ 1 um at
32 mT. Field cycling experiments allow us to identify the
domain walls found here as textural. B_ — B, conversion
occurred when the static field was reduced, see Fig. 4(a),
with an onset at H* ~ 20 mT, significantly higher than the
dipole field Hp. It can be explained by unpinning of
textural domain walls at H*, Fig. 4(b), and expansion of
B domains [38]. By contrast, the pinning of cosmological
domain walls is field insensitive. Detecting the NMR
signature of the domain walls is a goal of future work.
This domain wall, and the field-dependent pinning we
observe, is of potential interest in the trapping and possible
manipulation of Majorana fermions. The magnetic field

breaks the time-reversal invariance required for the topo-
logical protection of surface zero modes, introducing a
small gap ~AyH < A in the dispersion relation [30,39].
However, inside the domain wall one-dimensional gapless
states are predicted to be bound to the intersection of the
domain wall with cavity surfaces [30]. Gapless surface
states in the presence of a magnetic field have also been
proposed for weak in-plane fields H < Hp, [39], in which
case lAZ = (, similar to the center of the textural domain
wall, Fig. 4(b).

One of the motivations of this experiment was to search
for the predicted “‘striped” or ‘“‘crystalline superfluid”
phase [40]. This state arises from the energetic stability
of a domain wall between states of the B phase with
opposite sign of A | in (1). This is one of the cosmological
domain walls classified in Ref. [3] predicted to host gapless
bound states. The stripes are predicted to be as narrow as a
few &, near the AB transition and grow wider on cooling.
There is a large temperature range in which the width of the
stripes W is smaller than &, where the spatial modulation
of the order parameter along the cavity can be taken into
account in the same way as the transverse gap inhomoge-
neity, leading to (4) and (5) with § = 0, 0 > 0. Here, the
weak additional components of the order parameter emerg-
ing at the domain walls [40] are neglected. Our measure-
ments of g, Q # 0 at T = 0.4T> rule out the striped
phase with W < &, at this temperature, and the smooth
temperature dependence of both Af,(8—0) and
Af_(B — 0) suggests that the B phase is stripe-free up
to TAB"

A conclusive experimental test for the stability of
the striped phase requires more favorable experimental
conditions than the present experiment: namely, an inves-
tigation of thicker slabs for which the B phase is stable at
zero pressure, to minimize strong coupling effects, and
with fully specular walls. This phase, if observed, would
be a rare example of superfluid or superconducting order
with spontaneously broken translational symmetry.
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