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CONDENSED MATTER PHYSICS

Beyond triplet: Unconventional superconductivity in a
spin-3/2 topological semimetal

Hyunsoo Kim,"*3* Kefeng Wang,"? Yasuyuki Nakajima,">* Rongwei Hu,"? Steven Ziemak,'?
Paul Syers,”? Limin Wang,"? Halyna Hodovanets,"> Jonathan D. Denlinger,’

Philip M. R. Brydon,®” Daniel F. Agterberg,® Makariy A. Tanatar,?

Ruslan Prozorov,? Johnpierre Paglione?*

In all known fermionic superfluids, Cooper pairs are composed of spin-1/2 quasi-particles that pair to form either spin-
singlet or spin-triplet bound states. The “spin” of a Bloch electron, however, is fixed by the symmetries of the crystal
and the atomic orbitals from which it is derived and, in some cases, can behave as if it were a spin-3/2 particle. The
superconducting state of such a system allows pairing beyond spin-triplet, with higher spin quasi-particles combining
to form quintet or septet pairs. We report evidence of unconventional superconductivity emerging from a spin-3/2
quasi-particle electronic structure in the half-Heusler semimetal YPtBi, a low-carrier density noncentrosymmetric cubic
material with a high symmetry that preserves the p-like j = 3/2 manifold in the Bi-based I'g band in the presence of
strong spin-orbit coupling. With a striking linear temperature dependence of the London penetration depth, the ex-
istence of line nodes in the superconducting order parameter A is directly explained by a mixed-parity Cooper pairing
model with high total angular momentum, consistent with a high-spin fermionic superfluid state. We propose ak - p
model of the j = 3/2 fermions to explain how a dominant J = 3 septet pairing state is the simplest solution that naturally
produces nodes in the mixed even-odd parity gap. Together with the underlying topologically nontrivial band struc-
ture, the unconventional pairing in this system represents a truly novel form of superfluidity that has strong potential
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for leading the development of a new series of topological superconductors.

INTRODUCTION

When spin-orbit coupling (SOC) is strong enough to rearrange the
order of electronic energy bands, various topological phases arise, and
the interplay between superconductivity and the topologically ordered
phase is of particular interest. The noncentrosymmetric half-Heusler
compounds containing heavy metallic elements exhibit strong SOC,
which can invert the Bi-derived s-like I's and p-like I's bands, giving
a semimetal system with nontrivial topological electronic structure
(1-3). The observation of superconductivity in the RTBi (where R = rare
earth and T = Pt or Pd) (4, 5) has added a new richness to these
materials that compounds topological aspects of normal-state band
structure, superconductivity, and even magnetic order (6). In the super-
conducting state wave function, nontrivial topologies can arise both in
fully gapped superconductors (7) and unconventional superconductors
with point or line nodes, particularly in Weyl and noncentrosymmetric
superconductors (8). In the latter, the lack of parity symmetry can lead
to mixed even-odd parity pairing states on spin-split Fermi surfaces due
to antisymmetric SOC (ASOC) (9).

The situation in these materials is further enriched by the j = 3/2 total
angular momentum index of the states in the I' electronic band near
the chemical potential. This arises from the strong atomic SOC of the s =
1/2 spin and the [ = 1 orbital angular momenta in the p atomic states of
Bi. The high crystal symmetry and the relatively simple band structure
conspire to preserve the j = 3/2 character of the low-energy electronic
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states, permitting Cooper pairs with angular momentum beyond the
usual spin-singlet or spin-triplet states. In particular, as demonstrated
schematically in Fig. 1, high-angular momentum pairing components
with quintet (J = 2) and septet (J = 3) states are possible through the
pairing combinations of spin-1/2 and spin-3/2 quasi-particles, giving
rise to the possibility of the high-spin superfluidity (10-12). Such an un-
precedented exotic pairing state arises from new j = 3/2 interactions that
do not appear for the spin-1/2 case, allowing new opportunities for
topological superconducting states (13).

Here, we focus on the archetype topological half-Heusler YPtBi, a
clean limit superconductor with an extremely small electronic density
of states at the Fermi level (4, 14), corresponding to a tiny carrier density
n~2x10" cm™ (4) that rivals that of the record holder SrTiO; (15). The
superconducting phase transition at T, ~ 0.8 K (4) cannot be explained
within the Bardeen-Cooper-Schrieffer (BCS) theory framework, which
would require a carrier density nearly three orders of magnitude larger
to explain the superconducting phase temperature (16), and the upper
critical field H.»(0) = 1.5 T exceeds the orbital pair-breaking limit for
a conventional s-wave pairing state (4, 17). The linear temperature
dependence of the upper critical field over the entire superconducting
temperature range (4, 17) resembles that seen in the topological super-
conductors, such as Cu,Bi,Se; (18) and Bi,Se; under pressure (19).

RESULTS

To establish a proper pairing model for YPtBi, understanding the
electronic structure is essential. Generally, the crystal electric field in a
face-centered cubic crystal structure splits the degenerate atomic energy
levels into twofold degenerate conduction band and two- and fourfold
degenerate valence bands at the I'-point as shown in Fig. 2A (left). As
the atomic SOC of Bi becomes stronger, the valence bands push each
other. In YPtBi, the SOC is sufficiently strong to invert the order of the
bands, pushing the p-like I'g band above the s-orbital-derived I's band.
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Fig. 1. High-spin Cooper pairing. In conventional spin 1/2 systems, there exists four pairing channels among the spin —1/2 and 1/2 states: one spin-singlet state (with total
angular momentum given by J = 0 and with the zcomponent of angular momentum, J,, given by m, = 0) and three spin-triplet states, with J=1and m,=-1, 0, and 1. The Pauli
exclusion principle requires the antisymmetric even-valued J states to have even spatial parity and the symmetric odd-valued J states to have odd spatial parity. The spin-singlet J=
0, m,=0 Cooper pair is depicted in (A), whereas the spin-triplet J= 1, m,= 1 Cooper pair is depicted in (B). For the spin 3/2 systems, there exist 16 pairing channels among
the spin —3/2,-1/2,1/2,and 3/2 states: one spin-singlet state with /=0 and m, = 0; three spin-triplet states with J=1 and m,=-1, 0, and 1; five spin-quintet states with J =2
and m;=-2,-1,0, 1, and 2; and seven spin-septet states with J=3 and m,=-3,-2,-1,0, 1, 2, and 3 (see the Supplementary Materials for complete listing). The highest m,
state for each Jis depicted in (C) to (F). In (C), the J=0, m, = 0 spin-singlet pair is a quantum superposition of two Cooper pairs, with one pair made from spins —1/2 and 1/2
and the other pair made from spins —3/2 and 3/2.In (D), the J =1, m, = 1 spin-triplet pair is a quantum superposition of two Cooper pairs, with one made from two paired

spin 1/2 states and the other from pairing spin 3/2 with spin —1/2. (E) and (F) show the J = 2, m, = 2 and J = 3, m, = 3 states, respectively.

This produces a topological semimetal where the low-energy states have
spin-3/2 character.

To characterize the band structure in YPtBi, we use density function-
al theory (DFT) calculations. The calculated bands near the Fermi level
along the high symmetry points are shown in Fig. 2B, confirming the
topological band inversion of s-like I's and p-like I'g bands as shown
previously (20, 21). Lacking inversion symmetry splits the spin-
degenerate band (22). A maximum spin splitting near the chemical
potential is observed along [111] (I'-L) and zero-splitting degeneracy
along [100] (I"-X). The theoretical chemical potential lies on the band
touching point. However, experimental chemical potentials are located
at —35 and —300 meV determined by quantum oscillation (4) and angle-
resolved photoemission spectroscopy (ARPES) (23, 24) experiments,
respectively (see the Supplementary Materials for details).

The most interesting aspect of the band inversion and the position of
the experimental chemical potential in the I'g band arise due to the j = 3/2
total angular momentum, which comes from the SOC of spin s = 1/2
electrons in the [ = 1 p orbitals of Bi. Near the Fermi energy, we model
the I's bands by a j = 3/2 k - p theory (25). Up to quadratic order in k, the
single-particle Hamiltonian is

H = ak® + BZk,Zjlz + Y;kikj]vijj
i i#

+82_ki(ji+1jiji+l _ji+2jiji+2) (1)
1

where i = x, y,and zand i + 1 = yif i = x, etc,, and J; are 4 x 4 matrix

representations of the j = 3/2 angular momentum operators. The first

line of Eq. 1 is the Luttinger-Kohn model, whereas the second line is the
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ASOC due to the broken inversion symmetry in YPtBi. The parameters
0, B, v, and & are chosen by fitting to our ab initio calculations adjusted
against ARPES results by matching the bulk bands I's and I, (see fig. S1
for details), which yield o = 20.5 eVa’/n?, p = -18.5 eVa’/n’, y = —12.7
eVa®/n’, and § = 0.06 éVa/r by fixing the chemical potential at u = 35 meV,
estimated by using quantum oscillation frequency F = 46 T with a par-
abolic band (see the Supplementary Materials for details). Here, a is the
lattice constant taken from the study by Haase et al. (26). The observed
low density of hole carriers is consistent with a Fermi energy lying close
to the top of the hole bands, yielding typical Fermi surfaces shown in
Fig. 2C.

The Hamiltonian Eq. 1 has two major implications for the super-
conductivity in YPtBi. First, because the quasi-particles in the I's band
have intrinsic angular momentum j = 3/2, they can form Cooper pairs
with higher intrinsic angular momentum than allowed in the conventional
theory of j = 1/2 quasi-particle pairing; specifically, in addition to the
familiar singlet (J = 0) and triplet (J = 1) states, we must also consider
quintet (J = 2) and septet (J = 3) pairing (see the Supplementary
Materials for full set of states). Second, the absence of inversion
symmetry (manifested by ASOC) implies that a stable superconducting
state will be dominated by pairing between quasi-particles in time-
reversed states near the Fermi energy (9). As detailed in the Supplemen-
tary Materials, this condition is generically satisfied by a mixture of
conventional s-wave singlet pairing with an unconventional p-wave
septet pairing state (13). We emphasize that this unconventional super-
conducting state cannot occur for Cooper pairs made from pairing usu-
al j = 1/2 states. The proposed superconducting states do not depend on
the details of the band structure, for example, local density approxi-
mation (LDA) or modified Becke-Johnson LDA (MBJLDA). The key
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Fig. 2. Topological band structure and spin-split Fermi surface of YPtBi. The effect of strong SOC on a normal semiconductor band structure acts to produce a topological
semimetal, which retains the spin-3/2 character of the original p-like band. As shown schematically in (A), as SOC is increased, the s-like conduction band is pushed below the
chemical potential 1, whereas the fourfold-degenerate p-like valence band at the I'-point is pushed up to the chemical potential forming spin j = 3/2 p-like conduction band. The
absence of parity symmetry in the YPtBi crystal structure generally causes further splitting of the bands away from the I'-point. Because of the high symmetry of the cubic crystal
structure of the half-Heusler material YPtBi, its MBJLDA electronic structure (see main text), shown in (B), retains the fourfold degeneracy of the p-like j = 3/2 states at the I"-point.
The solid and dashed horizontal lines represent u determined by quantum oscillation and angle-ARPES experiments, respectively. (C) Theoretical spin-split Fermi surfaces obtained
by fitting the j = 3/2 k - p theory in Eq. 1 to the ab initio results by fixing the chemical potential at 1 = —35 meV (see main text).

requirement is only that the bands stem from a j = 3/2 representation at
the I'-point, and the nontrivial pairing states with nodes exist for all
band structures as demonstrated in the study by Brydon et al. (13).
To determine the spin splitting of the true bulk Fermi surface, the
angle-dependent Shubnikov-de Haas (SdH) effect was studied. First, we
examine the magnetoresistance derivative, dR,./dB, to access directly to
the oscillatory component. Figure 3A shows dR,,/dB versus B at various
in-plane angles ¢ defined from the crystallographic [010] direction,
measured at T'=2 K. A node-like feature of beating oscillations, observ-
able near 7 T for ¢ < 10°, moves in the magnetic field as the angle in-
creases away from the highest symmetry direction. Angle-dependent
SdH frequency (F), which is proportional to the cross-sectional area
of Fermi surface maxima, was determined at the representative angles
by using the fast Fourier transform (FFT) technique. The symmetrized
plot of F versus ¢ is presented in Fig. 3B based on actual data with 0° <
¢ < 90°. At first glance, the SdH frequency is almost constant around
F=46T (red line), which is consistent with a nearly spherical Fermi
surface. Clear split peak was observed when H || [010], that is, ¢ = 0°,
with two frequencies of 39 and 50 T. The observed two frequencies cor-
respond, respectively, to the inner and outer orbits of spin-split Fermi
surfaces. To understand the nature of the Fermi surfaces associated with

Kim et al., Sci. Adv. 2018;4:eaa04513 6 April 2018

the two frequencies, we determined the temperature-dependent ampli-
tude of the FFT spectra as shown in Fig. 3C. As temperature rises, the
split-peak feature is no longer visible above T'= 10 K due to thermal
broadening of the corresponding Landau levels. A representative effec-
tive mass m* = 0.11m, by using the Lifshitz-Kosevich theory for both
frequencies. The angle-dependent SdH data strongly support the theo-
retical spin-split Fermi surfaces.

To further constrain the pairing model, we focus on measurements
of the temperature-dependent London penetration depth AA(T), which
is intimately related to the superconducting order parameter A (27).
This approach is particularly useful in the case of YPtBi, where thermo-
dynamic signatures of the superconducting state are difficult to mea-
sure, because A’ is inversely proportional to N(0). The absolute value
of the zero-temperature A(0) is 1.6 um (28), about two orders of mag-
nitude greater than that found in conventional superconductors with
T. ~ 1 K, such as zinc or aluminum.

As shown in Fig. 4A, a sharp and single superconducting transition
at T, = 0.8 K is observed, implying high quality of single crystal YPtBi.
The transition temperature is consistent with transport measurements
(4, 17). We compare the low-temperature behavior of AA(T) in YPtBi to
that of KFe,As, (29), an unconventional superconductor with line
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Fig. 3. Angle-dependent quantum oscillations in YPtBi. SdH oscillations were used to demonstrate the geometry of the spin-split Fermi surfaces. (A) dR,,/dB versus Bat T=2K
is presented, measured at various in-plane angles ¢ defined from crystallographic [010] direction. A node of beating oscillation is observable near 7 T for ¢ < 10°. The beating
pattern changes as the angle is increased away from the high-symmetry direction. Actual magnetoresistance data R,, are presented in the Supplementary Materials. (B) Angle-
dependent frequency (F) was determined by using the FFT method on background subtracted oscillations (see the Supplementary Materials for details). The quantum oscillation
frequency is nearly independent on the field orientation, and two frequencies are resolved when the field is applied with ¢ = 0°, for example, H || [010]. The red solid line is an
averaged frequency, 46 T. The error bar is the frequency resolution of FFT. (C) Temperature-dependent FFT spectrum of SdH oscillations at ¢ = 0°. The two frequencies, which are
responsible for the beating pattern observed at ¢ < 10°, are resolved to be 39 and 50 T, which correspond, respectively, to the inner and outer spin-split Fermi surfaces as shown in
the inset. (D) The temperature-dependent amplitude of the FFT spectra is nearly identical for both spin-split Fermi surfaces as expected. A representative effective mass m* =

0.11m, was determined by using the Lifshitz-Kosevich theory to both Fermi surfaces.

nodes (29), and the anisotropic s-wave superconductor CaPd,As, (30),
both taken using an identical experimental setup. The contrast is
striking, with AA(T') in YPtBi being nearly identical to that of KFe,As,
and completely different from that of CaPd,As,. In a fully gapped s-wave
superconductor, the thermally activated quasi-particles are responsible
for the expected exponential temperature dependence of AAM(T) at low
temperatures (see the Supplementary Materials for details), whereas
power laws are clear signatures of nodes or zeroes in the superconducting
order parameter (27). In a gap structure with line nodes, the penetration
depth varies linearly with temperature at sufficiently low temperatures
(T < 0.3T,) in a clean sample (see the Supplementary Materials for
details) (31), as observed in the prototypical d-wave superconductor
YBa,Cu;30495 (YBCO) (32) and in the mixed-parity noncentrosym-
metric superconductors CePt;Si (33) and Li,Pt;B (34).

In YPtBi, we obtained the best least squares fitting for AL(T) to a
power-law function AL = AT" was obtained with n = 1.20 + 0.02 and A =
1.98 + 0.08 um/K'? in a temperature range that spans above 0.2T.. This
nearly T-linear behavior is consistent with the expectation for a line-
nodal superconductor. The observed small deviation from linearity is
likely due to moderate impurity scattering, quantified by modifying the
temperature dependence AMT) = bT*/(T + T¥) (35) with scattering rate

Kim et al., Sci. Adv. 2018;4:eaa04513 6 April 2018

parameter T* = 0.077,, indicating an exceptionally clean sample. The
extraordinarily large power-law prefactor A in YPtBi is consistent with
the London theory expectation A(0) o< 1”2 given the small carrier density
of this material.

DISCUSSION

Line nodes could, in principle, arise from a large number of different
pairing states. However, the cubic symmetry of YPtBi imposes severe
constraints on the pairing: For example, the pure d-wave state realized
in YBCO is very unlikely here, because it would be difficult to avoid mixing
with another degenerate d-wave state. Although symmetry permits line
nodes due to an extended s-wave state, this requires significant fine-tuning
due to the small, nearly spherical Fermi surface of the material. Generic
models for a nodal order parameter in YPtBi are concerned in a mixture
of even-odd parity states, for example, singlet-triplet mixture. For T,
symmetry, the lowest orbital angular momentum A triplet state is f~wave,
which for small k gives gap functions on the two spin-split j = 1/2 Fermi
surfaces (13). This state exhibits line nodes if the f-wave triplet gap Aris
larger than the s-wave singlet gap A,. However, dominant f~wave
symmetry of the Cooper pairs is highly unlikely if quasi-local interactions
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Fig. 4. Evidence for line nodes and spin-3/2 singlet-septet mixed parity pairing
model. (A) The London penetration depth AMT) of YPtBi (solid circles) measured in
zero dc field (20 mOe ac field) is compared in (A) with that of KFe,As, (open circles;
T. = 3.4 K), an unconventional superconductor with line nodes (29), and the anisotropic
s-wave superconductor CaPd,As, (open triangles; T. = 1.3 K) (30), both taken by using
an identical experimental setup. The nearly linear variation of AL(T) is in contrast with
the full-gap BCS superconductor CaPd,As, data (blue line), constraining any possible
pairing model to one that yields line nodes. Inset shows A in YPtBi under finite
magnetic fields. Because of the high intrinsic angular momentum of the I'g band quasi-
particles involved in Cooper pairing in YPtBi, our j=3/2 k - p model yields a manifold of
possible pairing states with intrinsic angular momenta up to J = 3. Incorporating the
lack of inversion symmetry, the singlet-septet pairing state is the simplest even-odd
parity mixture with line nodes in the pairing gap that arise from the dominant J = 3
septet component (see main text). The gap sign and magnitudes are depicted in (B) for
the two spin-dependent Fermi surfaces of YPtBi, showing the presence of line of zero-
gap nodes (black lines) situated on one of the spin-dependent surfaces.

give rise to superconductivity (36); these interactions would more plau-
sibly give rise to a p-wave state. The simplest and most generic scenarios
for the nodal superconductivity in YPtBi are provided by a dominant
J =3 (septet) p-wave gap with a subdominant J = 0 (singlet) s-wave gap,
as allowed by the noncentrosymmetric crystal structure.

As shown in Fig. 4B, the gap structure resulting from this mixed
singlet-septet state displays ring-shaped line nodes on one of the
spin-split Fermi surfaces. These line nodes are protected by a topological
winding number and lead to nondegenerate surface zero-energy flat
bands (see the Supplementary Materials for details) (8, 37), which are
of immense interest in the context of topological excitations. The mixed
singlet-septet state is a natural generalization of the theory of j = 1/2
noncentrosymmetric superconductors. As discussed further in the Sup-
plementary Materials however, the observation of gap line nodes and
the broken inversion symmetry may be consistent with other exotic
pairing states (13). Furthermore, with a conventional Eliashberg theory

Kim et al., Sci. Adv. 2018;4:eaa04513 6 April 2018

unapplicable to such a low-carrier density system, one must consider oth-
er pairing instabilities such as parity fluctuations (38) and instabilities
due to apolar optical phonon (39) as possible mechanisms of super-
conductivity in the half-Heusler system. Studying the pairing mecha-
nism of these exotic high-angular momentum pairing states, as well as
their interplay with other symmetry-breaking orders (5), will elucidate the
complexity and richness of this family of multifaceted topological
materials.

METHODS

YPtBi single crystals were grown out of molten Bi with starting
composition Y/Pt/Bi = 1:1:20 (atomic ratio). The starting materials Y
ingot (99.5%), Pt powder (99.95%), and Bi chunk (99.999%) were put
into an alumina crucible, and the crucible was sealed inside an evacu-
ated quartz ampule. The ampule was heated slowly to 1150°C, kept for
10 hours, and then cooled down to 500°C at a 3°C/hour rate, where the
excess of molten Bi was decanted by centrifugation.

The calculated band structure of YPtBi was obtained using the
WIEN2k implementation of the full potential linearized augmented
plane-wave method with the Tran-Blaha modified Becke-Johnson
exchange-correlation potential (MBJLDA) (40), with SOC included
in the calculation. The k-point mesh was taken tobe 11x 11 x11, and
cubic lattice constant a = 664.0(1) pm was obtained from the study
by Haase et al. (26).

The temperature variation of London penetration depth AA(T)
was measured in a commercial dilution refrigerator by using a tunnel
diode resonator technique. The single-crystal sample with dimensions
0.29 mm x 0.69 mm X 0.24 mm was mounted on a sapphire rod and
inserted into a 2-mm inner diameter copper coil that produces radio
frequency excitation field with empty-resonator frequency of 22 MHz
with amplitude H,. = 20 mOe. The shift of the resonant frequency (in
centimeter gram second units) is A{T) = —G4ny(T), where x(T) is the
differential magnetic susceptibility, G = foV/2V.(1 — N) is a constant,
N is the demagnetization factor, V; is the sample volume, and V. is the
coil volume. The constant G was determined from the full frequency
change by physically pulling the sample out of the coil. With the
characteristic sample size, R, 4ny = (A/R)tanh (R/A) — 1, from which
A) can be obtained (27).

Magnetic field—-dependent magnetoresistance was determined on
samples by using a standard four-probe technique. Contacts were made
by using high-purity silver wires and conducting epoxy, and measure-
ments were performed in a commercial cryostat with a single-axis rotator
in magnetic fields up to 14 T at temperatures as low as 2 K.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/4/eaao4513/DC1

fig. S1. Band structre of YPtBi

fig. S2. Photon-dependent ARPES of Bi-terminated YPtBi(111).

fig. S3. Normalized magnitude of each gap along high symmetry points.

fig. S4. Superfluid density in YPtBi and other well-known superconductors.

fig. S5. Angle-dependent magnetoresistance in YPtBi.

fig. S6. Angle-dependent frequency of Shubnikov-de Haas quantum oscillation in YPtBi.
fig. S7. Temperature-dependent quantum oscillations with 6 = 90° and ¢ = 0°.
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SPIN-3/2 PAIRING

In YPtBi, the electronic I's representation responsi-
ble for the states near the chemical potential can be

Cooper pairs can be constructed from these I's states.
In particular using the angular momentum addition rule:
% ® % =3®2® 140, we can classify the sixteen possible
Cooper pairs as follows

described by a j = 3/2 basis with four basis elements:
{12),13),1 — 3),] — 2)}. Physically this basis stems from
I = 1 p-states coupled to s = 1/2 spin. In this direct
product space, the basis elements can be expressed as

1

%[_h’z, %) - i|py7 %>]
6[2‘pZ7 %> - |pw7 _%> - i|py7 _%”
_ 1 1 1 . 1
%sza 7%> - i|py7 *%”

Dl IR NIE Nl

~  ~—~— o~ o~

J = 0 singlet state

[7=0ms=0)=3(15-H-1-3D-13-D+I-5D) (5)
J =1 triplet states
=tmy=1 = A5(VBI3 -3 20k 5 + VB - 5.9)
= Lmy=0) =75 (313 -3 5~ -1 - 5.5 +3-5.9)
I =1my=-1) = (V3 - %) -2/ - 1, -1 + V3L, - D) (S6)
J = 2 quintet states
|[J=2,m;=2)= (8 H-149)
[ =2.my=1)= H(3-H-1-49)
[T=2,m; =0 =1(1%,-D+15-D-13,-DH-1-3.9)
[ =2,my = 1) = H(-49-1-D)
T=2mi=-2=  L(-3-9-1-%-D) (S7)
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fig. S1. Comparison of YPtBi bulk band structure to ARPES.
(a) Calculated band structure of YPtBi obtained using the full
potential linearized augmented plane wave method with the Tran-
Blaha modified Becke-Johnson exchange-correlation potential
(MBJLDA). (b) Results of angle-dependent photoemission
spectroscopy (ARPES) measurement done on Bi-terminated
(111) surface. The black dashed lines represent the calcu-
lated band structure along I'-L. The chemical potential in
ARPES result is about 0.32 eV below that of theoretical result.

ELECTRONIC STRUCTURE

Figure S1 presents the band structure of YPtBi. The
calculated band structure of YPtBi shown in panel (a)
was obtained using the WIEN2k implementation of the
full potential linearized augmented plane wave method

(S8)

with the Tran-Blaha modified Becke-Johnson exchange-
correlation potential (MBJLDA) [40], with spin-orbital
coupling included in the calculation. The k-point mesh
was taken to be 11x11x11, and cubic lattice constant
a = 664.0(1) pm was obtained from elsewhere [26]. The
s-like band T's lies below the p-like band I's, reflecting
the nontrivial topology, consistent with previous calcula-
tions [1-3]. Note the splittings will disappear in a non-
relativistic calculation, and also it is common to have
these spin splittings vanish at high symmetry points and
along high symmetry directions. This is because there
are symmetry elements that require band degeneracies,
which are removed when we move away from these special
points. This splitting evidences a j=3/2 analogue of anti-
symmetric spin-orbit coupling (ASOC) due to broken in-
version symmetry, similar to Rashba spin-orbit coupling
in tetragonal systems [25].

Figure S1(b) shows an ARPES high symmetry va-
lence band dispersion image at hv = 86 eV for the Bi-
terminated (111) surfaces of YPtBi, acquired at beamline
4.0.3 of the Advanced Light Source at T' = 30 K. Numer-
ous bands are observed to cross the Fermi-level (Er) from
the zone boundary to normal emission. Consistent with
ARPES measurements of LuPtBi and GdPtBi [23], the
photon energy dependence of most of these bands follows
strong vertical streaks along k. indicative of 2D surface
states. Theoretical slab calculations [23] have determined
that the surface states, labeled s in fig. S1(b), originate
from a Bi-terminated (111) cleavage plane, and that they
are of non-topological origin owing to an even number
of Ep-crossings with the surface Brillouin zone. Aging
of the surface in a poorer storage vacuum for a week is
observed to suppress all the surface states and leave a
single fuzzy broad hole-band feature that reaches to Eg.
A similar inner-hole band pocket was also observed as a
single-band with weak intensity in LuPtBi and GdPtBi
[23] and assumed to be a pair of nearly degenerate bands
from comparison to their slab calculations.

A characteristic Rashba-like splitting of two hole bands
is shown in fig. S1(b) at ~ 0.5 eV binding energy which
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fig. S2. Photon dependence of Bi-terminated YPtBi(111). (a) Normal emission band dispersion images at select photon
energies. (b) kq-k. intensity maps at select binding energies as marked by arrows in panel (a2) and with overplotted Brillouin
zone boundaries with (111) along k.. The ARPES data are converted to k, using an inner potential parameter of 15 eV. Red
(blue) arcs in panel (bl) indicate the photon energy ranges probed by Ref. [23] (30-80 eV) and by Ref. [24] (50-75 eV). Bi-
termination surfaces states (SS1-SS4) and other bulk-derived states with band-bending-induced 2D character (1-3) are labeled

in both (a) and (b).

also appear in bulk band structure calculations, but at
an energy of ~ -0.8 eV below Ep. Shifting the theory I'-
L bands to higher energy by ~ 0.3 eV to align to the
Rashba-like split bulk bands, as shown in overplotted
dashed lines, causes two other nearly-degenerate hole-like
bulk bands that originally just touch Er at a semimetal
point, to form a hole-pocket. This large 0.3 eV chemical
potential shift in the ARPES measurement, relative to
the theory calculation, reflects a possible charge imbal-
ance at the cleaved surface and resultant band bending
relative to the bulk.

In order to determine the bulk or surface character of
the ARPES bands, we have performed photon energy de-
pendence on Bi-terminated (111) surfaces of YPtBi. The
photon dependent ARPES map cuts shown in fig. S2
reveal two different kinds of surface states: (i) surface-
localized Bi-terminated dangling bond states and (ii)
bulk-derived states that acquire 2D character from the
p-type surface band bending that results from the Bi-
termination charge balance and pinning of the chemical
potential at the surface. The Bi surface states, SS1-S54,
exhibit vertical streaks along k, in the constant binding
energy intensity cuts, e.g. SSI in (b4) and SS2 in (b4’),
with a strong presence at all photon energies. This lack
of k,-variation with weak intensity variation uncorrelated

to the bulk Brillouin zone (BZ) reflects a 2D origin from
the top few layers of the surface, e.g. narrowly confined
Az causes extended Ak,. Other states labeled (1-3) in
fig. S2 exhibit a distinctly different intensity profile of
finite segments of strong intensity along k, centered on
the bulk I'-point, and with length < 1/2 the height of the
overplotted (111)-oriented BZ boundaries. This finite k,
length of the strong photoemission intensity reflects a
deeper depth origin (Az & 27/Ak,) of these states. e.g.
at least two (111) unit cells in real space.

This distinct intensity behavior as a function of photon
energy was not previously revealed in ARPES studies
with limited photon energy ranges of 30-80 eV in Ref. [23]
and 50-75 eV in Ref. [24] as plotted in fig. S2 (b1). This
behavior is consistent with bulk-derived quantum well
states with a depth penetration that is determined by the
z-profile of the band-bending potential. Furthermore, a
finite gap between bands 2 and 3 at k, = 0 is suggested by
the dispersion images in panels (al,a4) at 38 eV and 102
eV, consistent with the bulk theory band structure shown
in fig. S1. The filling in of the gap and full Rashba-like
appearance is then conjectured to arise from a topological
surface state with Dirac crossing that connects between
the bulk-like bands 2 and 3. This scenario is consistent
with the theoretical calculations Ref. [24].



The experimental quantum oscillation frequency of
F =~ 45 T [4] corresponds to a cross sectional area
of a hypothetical spherical Fermi surface Ap =~ 0.43
nm~2 and a kp~0.037 A~', using the Onsager relation
F = ¢oAr/2n% where Ap = k% and ¢g = 2.07x 1077 G
cm ™2, which is much smaller than the ARPES ky values
in fig. S1(b) of ~ 0.1 A='. This supports the scenario
of a charge imbalance at the surface and band bending
with the bulk chemical potential only ~35 meV below
the hole-band maximum. This justifies the vertical en-
ergy shift used to match to the calculated DFT band
structure and quantum oscillations experiments.

j=3/2 k-p MODEL

We treat the ASOC as a perturbation of the Luttinger-
Kohn model, which has doubly-degenerate eigenenergies

€k + = (04 + iﬁ) k|2iﬂ\/z {k‘f + (sﬁi; - 1) k?k?+1}

(S9)
Due to the presence of time-reversal and inversion sym-
metry for § = 0, the eigenstates can be labelled by a
pseudospin-1/2 index. Proceeding via degenerate pertur-
bation theory, we now include the ASOC by projecting it
into the pseudospin basis for each band, hence obtaining

J

0 0 0 1

X 0 0-10

Ak) = A, 010 0 + A,
-10 0 0

where ky = k; + ik,. This constitutes a mixed state
involving s-wave singlet pairing with strength Ay and p-
wave septet pairing with strength A,. The gap near the
Fermi energy can be found by projecting Eq. (S12) into
the effective pseudospin-1/2 bands, yielding

Acfr,r = [As + (Ap/0)(8k,+ - 8)] i3y

This describes a mixture of pseuodospin-singlet and
pseudospin-triplet pairing. Importantly, the d-vector of
the effective pseudospin-triplet pairing is parallel to the
ASOC vector gk +. As pointed out by Frigeri et al. [9],
this alignment makes the pseudospin-triplet component
immune to the pair-breaking effect of the ASOC; for suf-
ficiently large ASOC, it is the only stable odd-parity gap.
If the singlet state is subdominant, the resulting gap dis-

(S13)

two effective pseudospin-1/2 Hamiltonians

Heg+ = €x,+50 + i+ - 8 (S10)
where 5, are the Pauli matrices for the pseudospin, and
the vector gk + = —g—_xk + represents the effective ASOC
in the pseudospin-1/2 basis of the band ey 1. The expres-
sion for gy + is complicated and depends upon the choice
of pseudospin basis; an analytic expression for |gx +| is
given elsewhere [13]. The effective pseudospin-1/2 Hamil-
tonians can be diagonalized by going over to the helicity
basis, yielding dispersions Fi j=4 p=+ = €k + V|8k,n,
where the values of n and v are independent of one an-
other. In particular, the two spin-split Fermi surfaces are
labelled by opposite values of v. This approximation is in
excellent agreement with the exact solutions of the k - p
for small antisymmetric SOC.

In weak-coupling Bogoliubov-de Gennes theory the
pairing is modelled by a term in the Hamiltonian of the
form

3/2

Hpair = Z Z {Ajaj/(k)cfc,jcik,j’ + HC} (Sll)

k jj'=-3/2

We restrict our attention to gaps in the A; irreducible
representation of the T, point group (i.e. with the
full symmetry of the lattice). Allowing pairing in at
most a relative p-wave (assuming quasi-local interactions
are responsible for the superconductivity, higher-order
momentum-dependence is unlikely [36]), we have the gen-
eral gap

gkz ak+ f _\gk‘ (S12)
g A 3
0 Bk Lk, -3k

(

plays line nodes on one of the spin-split Fermi surfaces.
Although the nodal gap prevents us from defining a
global topological invariant, the nodal lines themselves
represent a nontrivial topological defect in the Brillouin
zone. Specifically, the Bogoliubov-de Gennes Hamilto-
nian Hpgq (k) belongs to Altland-Zirnbauer class DIII,
which implies that it can be brought into off-diagonal
form. This allows us to define the winding number

1
W = —Im% diTr {V;In(Dy)} (S14)
2 L
where Dy is the upper off-diagonal block of the Hamilto-
nian [8]. The winding number W, takes an integer value

along any closed path £ in the Brillouin zone that does
not intersect a gap node. Moreover, it is only nonzero if
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fig. S3. Normalized magnitude of each gap Ax/max(|Ax|)
along high symmetry points is presented for full gap and
nodal gap in red and blue, respectively. Whereas the fully
gapped branch (red) contributes only thermally activated
quasiparticles at low temperatures, the line-node branch
(blue) manifests a linear temperature variation of the Lon-
don penetration depth A\ oc T, consistent with experimental
observations in YPtBi.

the path £ encircles a line node, defining the topological
charge of the node which in our case evaluates to =+1.
This topological charge ensures the existence of a nonde-
generate zero-energy surface flat band within the projec-
tion of the line node in the surface Brillouin zone [8].

Some alternatives to the mixed singlet-septet state pro-
posed here should be noted. In particular, for purely
local pairing interactions, there are five additional s-
wave states with quintet total angular momentum [13].
Within a weak-coupling theory, these combine to give
time-reversal symmetry-breaking states gaps with Weyl
point nodes, and in some cases also line nodes. While
such pairing states also topological, they do not yield
robust zero-energy surface flat bands [37].

Figure S3 shows distribution of gap amplitudes
Ay /max(]Ag|) along high symmetry points on the spin-
split Fermi surfaces of YPtBi, with a full gap on the outer
Fermi surface and gap with line nodes on the inner Fermi
surface (see Fig. 4 in the main text for the gap structure
on the entire Fermi surface). Whereas the fully gapped
branch (A4 ) contributes only thermally activated quasi-
particles at low temperatures, the line-node branch (A_)
manifests a linear temperature variation of the London
penetration depth AX oc T, consistent with experimental
observations in YPtBi.

LONDON PENETRATION DEPTH AND
SUPERFLUID DENSITY

The temperature variation of London penetration
depth is intimately related to the superconducting or-
der parameter A. Within a weak coupling Eilenberger
quasiclassical formulation with the perturbation theory
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fig. S4. Superfluid density in YPtBi and other well-known
superconductors. The normalized superfluid density was cal-
culated by using a relation, ps = A?(0)/A*(T) where \(0) =
1.6pm [30]. Theoretical singlet s-wave and d-wave are shown
in dashed lines, and experimental data from noncentrosym-
metric superconductors are shown in triangle symbols for
CePt3Si (Ref. [33]) and LizPt3B (Ref. [34]).

of a weak magnetic field [27]

1672e2T A2y
2\—1 iVk
O3t = N0 Y gy, (1)

w

where N(0) is the total density of states at Fermi level
per spin, v is the Fermi velocity, and w is the Matsub-
ara frequency. Measurement of the London penetration
depth utilizes a small excitation field H,. < 20 mOe, so
the Eq. (S15) is valid in absence of Hy,.

In an s-wave superconductor, an exponential behav-
ior of ANT)/AN0) = /7A/2kpT exp(—Ao/kpT) can
be deduced from Eq. (S15) for a constant gap A = Ag,
i.e., at low temperatures T' < T../3, while in a d-wave su-
perconductor AA(T') varies linearly with temperature as
AXNT) = %T, at sufficiently low temperatures in
a clean sample [31]. Here, n is the angular slope pa-
rameter near the node, e.g., n = 2 for a d-wave gap
A = Ag(k2 — k2). To compare the experimental result
for YPtBi to the d-wave gap expectation, one can fix
the temperature power of AA(T) to n = 1 and obtain
a slope prefactor A = 1.5 pm/K from fitting, yielding
2A¢/kpT. = 4/n. Fixing n = 2 for the d-wave case gives
2A¢ =~ 2kpT,, which is slightly smaller than the weak-
coupling BCS value of 2Aq = 3.52kgT..

The normalized superfluid density in YPtBi is calcu-
lated by using a relation, ps = A?(0)/A\*(T). Here we
used A(0) = 1.6 um determined by puSR experiments [28].
The calculated p, is compared to that of well-known su-
perconductors in fig. S4. Theoretical ps of singlet s-
wave and d-wave superconductors are shown in dashed
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fig. S5. Angle-dependent magnetoresistance in YPtBi. (a) Single crystal x ray diffraction pattern of (100) surface of YPtBi
used for angle-dependent quantum oscillation experiments. A schematic defines two controlled angles 6 and ¢. Angle-
dependent magnetoresistance (b) with varying 6 at fixed ¢ =0° and (c) with varying ¢ at fixed 6 = 90°. Shubnikov-de Haas

quantum oscillations are evident in most of the orientations.

lines, and the experimental p; from two other noncen-
trosymmetric superconductors, CePt3Si [33] and LioPt3B
[34], are shown in triangle symbols. Whereas the singlet
s-wave does not exhibit noticeable temperature-variation
up to 0.27, the other nodal superconductors show nearly
linear temperature-dependence. The superfluid density
in CePt3Si is most compatible with an order parameter
with two vector components [33] and that in Li;Pt3B is
consistent with a spin singlet-triplet mixed pairing with
the triplet component being dominant [34]. Interestingly,
the superfluid density in YPtBi has similar behavior to
that of the other noncentrosymmetric superconductors,
and is consistent with multigap, line-nodal superconduct-
ing order parameter.

We note that the value of penetration depth rapidly
approaches the characteristic size of the sample R (see
Methods for detail) near T, because of large A(0) in
YPtBi (AXNT) o A(0)). In this temperature range, the
measurement is in an extreme sample size-limiting ef-
fect, and the temperature-variation of both AX and pg in
YPtBi are severely affected by this effect. Therefore, the
superfluid density near T, should not be taken seriously,
and we highlighted the problematic region in the inset of
fig. S4.

ANGLE-DEPENDENT MAGNETORESISTANCE

Angle-dependent magnetoresistance was measured to
study the spin-split Fermi surface of YPtBi. A sample
was cut out of (100) plane confirmed by a single-crystal
diffraction pattern as shown in fig. S5(a). The angle-
dependence of the longitudinal magnetoresistance R,
was measured by using a single-axis rotator at various
orientations with two controlled angles 6 and ¢ defined
in fig. S5(a). Panel (b) shows angle-dependent mag-
netoresistance data with varying 6 from 0° to 90° at
¢ = 0°. At most of the angles, Shubnikov-de Haas (SdH)
quantum oscillations are visible on smoothly increasing
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fig. S6. Angle-dependent frequency of Shubnikov-de Haas

quantum oscillation in YPtBi. (a) SdH quantum oscillations

extracted from the magnetoresistance at selected ¢ angles

with fixed 6 = 90°. (b) Fast Fourier transform spectra

obtained from the quantum oscillations shown in (a). The
angles are defined in fig. S5.

magnetoresistance. Similar experiments with varying ¢
from 0° to 90° at & = 90° were done and presented
in fig. S5(c). In both configurations, SAH oscillations
show angle-dependence where the amplitude and phase
changes at different orientations of the applied magnetic
field implying the SAH consists of multiple frequencies
with varying frequencies and relative phases. The oscil-
lations at 0° and 90° in both configurations appear the
same, confirming the assignment of crystallographic ori-
entation in the schematic.

Figure S6(a) shows the SdH quantum oscillations ob-
tained from the magnetoresistance data in fig. S5(c).
The angle-dependence of SdH oscillation is clear while
the oscillations at ¢ = 0° and 90° oscillations are nearly
identical in both of which display a beating node around
B! =0.12 T~!. We employ the fast Fourier transform
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fig. S7. Temperature-dependent quantum oscillations with
0 = 90° and ¢ = 0°. The angles are defined in fig. S5.

(FFT) to determined the frequency for several elected an-
gles. The FFT-spectra are shown in fig. S6(b). At first
glance, the spectrum shows a broad peak around F' = 46

T at all selected angles. The angular variation of the de-
termined frequencies is presented in Fig. 3(b) in the main
text. In some orientations, it shows a broad feature with
double peaks, and the two peaks are clearly resolved in
the data for ¢ = 0° with two frequencies of 39+ 3 T and
50+3 T where the error bar is the frequency resolution of
FET. We attributed the observation of two frequencies to
existence of spin-split Fermi surfaces. Using a theory by
Mineev and Samokhin [22], the estimated energy of spin-
orbit coupling is about 1 meV when Zeeman interaction
is much smaller than spin-orbit interaction.

To learn the nature of the Fermi surfaces associated
with two resolved frequencies, we measured temperature-
dependent SdH quantum oscillations with field along
[010], i.e., # = 90° and ¢ = 0°. Temperature dependent
SdH oscillations are displayed in fig. S7, FFT-spectra
of which are presented in Fig. 3(c) in the main text. We
determined effective mass from temperature dependence
of the amplitude by using the Lifshitz-Kosevich theory
as shown in Fig. 3(d) in the main text. They have nearly
identical effective mass as expected for spin-split Fermi
surfaces.





