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We report 195Pt nuclear magnetic resonance (NMR) measurements on topological superconductor
candidate YPtBi, which has broken inversion symmetry and topological nontrivial band structures due to
the strong spin-orbit coupling. In the normal state, we find that Knight shift K is field- and temperature
independent, suggesting that the contribution from the topological bands is very small at low temperatures.
However, the spin-lattice relaxation rate 1=T1 divided by temperature (T), 1=T1T, increases with
decreasing T, implying the existence of antiferromagnetic spin fluctuations. In the superconducting state,
no Hebel-Slichter coherence peak is seen below Tc and 1=T1 follows T3 variation, indicating the
unconventional superconductivity. The finite spin susceptibility at zero-temperature limit and the
anomalous increase of the NMR linewidth below Tc point to a mixed state of spin-singlet and spin-
triplet (or spin-septet) pairing.
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Topological superconductors (TSCs) have application
potential in quantum computing, due to the existence of
Majorana fermions [1–3]. Over the last two decades, only a
few TSCs candidates, such as CuxBi2Se3, UTe2, and
K2Cr3As3, have emerged, with CuxBi2Se3 and K2Cr3As3
being of odd parity [4–7]. In addition to these, noncen-
trosymmetric superconductors, where inversion symmetry
is broken and thus leads to an antisymmetric spin-orbit
coupling term that brings about the spin-triplet component
[8], were also proposed to be possible TSCs. [9].
A series of noncentrosymmetric ternary half-Heusler

compoundsRðPd; PtÞBi (R, rare earth) with heavy elements,
whose zinc-blende type sublattice resembles (Cd, Hg)Te
quantum well structure [9,10], have attracted a lot of atten-
tion [11,12]. Strong spin-orbit coupling (SOC) is also present
in those half-Heusler compounds, which leads to topologi-
cally nontrivial Γ6=Γ8 band inversion [13,14], as confirmed
by angle-resolved photoemission spectroscopy (ARPES)
experiments [15,16]. Most remarkably, superconductivity
was discovered in XPtBi (X ¼ Y, Lu, La) [17–19]. Among
them, YPtBi attracts special attention. First, the hole carrier
concentration is only at the order of 1018–1019 cm−3 [17,20],
which seems to be too small to explain its Tc ¼ 0.77 K by a
conventional theory [21]. Furthermore, owing to band
inversion, the total angular momentum of low-energy elec-
tronic states in the Γ8 band near the chemical potential is

j ¼ 3=2, which derives from strong SOC between s ¼ 1=2
spin and l ¼ 1p orbitals [4,9]. Quasiparticles due to j ¼ 3=2
pairing may carry high angular-momentum, as ð3=2Þ ⊗
ð3=2Þ ¼ 0 ⊕ 1 ⊕ 2 ⊕ 3 corresponds to spin singlet, triplet,
quintet, and septet, respectively [22–25]. Based on this,
theoretical studies suggested that YPtBi is a possible
topological superconductor [24]. While the nature of the
pairing still remains controversial, various symmetries
have been proposed, such as pþ s mixed singlet-septet
pairing [26–29], dþ smixed singlet-quintet pairing [30,31],
s-wave quintet pairing [32], and dþ s singlet pairing [33].
Although many studies already revealed the topologi-

cally nontrivial nature of YPtBi, the low Tc and extremely
low carrier concentration hinder the research on its super-
conductivity using probes such as heat capacity [34]. Until
now, very little information about the superconducting state
of YPtBi has been obtained, and the pairing symmetry is
still a mystery. The temperature dependence of the upper
critical field Hc2ðTÞ suggests that YPtBi is not a simple
spin-singlet superconductor [20]. London penetration
depth does not show any saturation down to T ∼ 0.06Tc,
suggesting the existence of unusual pairing in YPtBi [26].
Although previous 209Bi-NMR studies revealed the non-
trivial topology of the band structure in YPtBi [35,36],
microscopic studies are still lacking to settle down the
pairing symmetry in YPtBi.

PHYSICAL REVIEW LETTERS 130, 266002 (2023)
Editors' Suggestion Featured in Physics

0031-9007=23=130(26)=266002(6) 266002-1 © 2023 American Physical Society

https://orcid.org/0000-0002-0384-1062
https://orcid.org/0000-0002-5292-8914
https://orcid.org/0000-0002-0051-7726
https://orcid.org/0000-0003-0748-6763
https://orcid.org/0000-0002-9386-4857
https://orcid.org/0000-0002-0781-0626
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.130.266002&domain=pdf&date_stamp=2023-06-28
https://doi.org/10.1103/PhysRevLett.130.266002
https://doi.org/10.1103/PhysRevLett.130.266002
https://doi.org/10.1103/PhysRevLett.130.266002
https://doi.org/10.1103/PhysRevLett.130.266002


In this Letter, we investigate the superconductivity of
YPtBi by 195Pt-NMR measurements. In the normal state,
we find that 1=T1T increases with decreasing temperature,
implying the appearance of the antiferromagnetic spin
fluctuations. Below Tc, the spin-lattice relaxation rate
1=T1 decreases as T3 with no coherence peak, indicating
the unconventional superconducting state. The residual
spin susceptibility at zero-temperature limit and the
detailed analysis of temperature-dependent 1=T1 suggest
that the Cooper pairs might be the mixed superconducting
state of spin-singlet and spin-triplet (or spin-septet) pairing.
YPtBi single crystals were synthesized out of Bi flux as

described in Ref. [36]. The Tc of our sample is 0.77 K as
measured by the ac susceptibility using an in situ NMR coil
(see Supplemental Material [37]). In order to obtain enough
NMR signal intensity at a very small field in the super-
conducting state, the single crystals are crushed into fine
powders to gain the surface area. Below T ¼ 1.5 K,
measurements were conducted by using a 3He=4He dilution
refrigerator. We used a commercial BeCu=NiCrAl clamp
cell from C&T Factory Co., Ltd. [38]. The applied pressure
has been calibrated by the resistivity of a manganin wire at
room temperature. 195Pt spectra were deduced by summa-
tion of the fast Fourier transform of spin echo signals. The
nuclear spin-lattice relaxation rate 1=T1T of 195Pt was
measured by the saturation-recovery method.
Figure 1 shows the 195Pt-NMR spectrum by sweeping the

magnetic field at the fixed frequency f0 ¼ 42.167 MHz.
Since the crystal structure of YPtBi is cubic and there is only
one Pt site [37], only one peak is observed in the spectrum.
The Knight shift K is determined by the peak frequency
of NMR spectra from f ¼ γnBð1þ KÞ, where 195γn ¼
9.094 MHz=T is the gyromagnetic ratio. Figure 2(a) shows
the temperature-dependent Knight shifts at various fields.

Generally, K is composed of spin and orbital part Ks and
Korb as K ¼ Ks þ Korb ¼ Aspin

hf χs þ Aorb
hf χorb. Here, Aspin

hf
and Aorb

hf are spin and orbital hyperfine coupling constants,
respectively. The χs is the spin susceptibility, and χorb is the
orbital susceptibility. Korb is both temperature and field
independent for materials with only trivial bands. For
materials with linearly dispersed bands, the break of the
linear response theory will lead to the rise of Landau
magnetism, which makes χorb field and temperature depen-
dent as observed in graphene and TaAs [39–41]. In our
study, both field and temperature dependence of Knight
shift K are barely seen, indicating that the excitations from
the topological bands barely contribute to the electronic
state at the Fermi level at low temperatures. Our results are
consistent with the previous ARPES study in which the
Dirac cone is 300 meV away from the Fermi surface in
YPtBi [15,26].
Figure 2(b) shows the temperature-dependent 1=T1T in

the normal state. 1=T1T shows a monotonic increase with
decreasing temperature. One possibility is that the electronic
band has a branch with a narrow bandwidth close to the
Fermi level [42]. But such band structure was not seen by
either the band calculation or ARPES experiments [15,21].
Considering that 195Pt nuclei do not have a quadrupole
moment, the most likely reason for the enhancement of
1=T1T at low temperatures is due to the existence of spin
fluctuations. We note that there is a small increase in Knight
shift with decreasing temperature in Fig. 2(a). However, the
core polarization effect from the d electrons of Pt causes the
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FIG. 1. The 195Pt-NMR spectrum obtained by sweeping the
magnetic field at the fixed frequency f0 ¼ 42.167 MHz. The
gray curve is the fit by a Gaussian function. The dashed line
shows Knight shift K ¼ 0. The inset shows the crystal structure
of YPtBi.
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FIG. 2. (a) Temperature independence of 195K at various fields.
(b) Temperature-dependent 1=T1T at 4.6 T. The yellow curve is a
fit to ð1=T1TÞ ¼ ð1=T1TÞ0 þ ½C=ð ffiffiffiffiffiffiffiffiffiffiffiffi

T þ θ
p Þ�. The dashed black

curve is a fit to equation ð1=T1TÞ ¼ ð1=T1TÞ0 þ ½C=ðT þ θÞ�.

PHYSICAL REVIEW LETTERS 130, 266002 (2023)

266002-2



hyperfine coupling constant Ahf to be negative, as observed
in other half-Heusler compounds [43,44]. The increase in
Knight shift suggests a decrease in spin susceptibility,
indicating antiferromagnetic (AF) spin fluctuations.
The temperature dependence of 1=T1T can be written as

ð1=T1TÞ ¼ ð1=T1TÞ0 þ ð1=T1TÞAF. Here, ð1=T1TÞ0 rep-
resents the intraband contribution, related to the density of
states at the Fermi level. ð1=T1TÞAF represents the con-
tribution from the AF spin fluctuations. In the case of 2D
and 3D AF spin fluctuations, ð1=T1TÞAF can be further
transcribed as a Curie-Weiss–like formula in different
forms [45],

ð1=T1TÞAF ∝
(
χqðTÞ ∝ C

Tþθ ; ð2DAF fluctuationsÞ;ffiffiffiffiffiffiffiffiffiffiffiffi
χqðTÞ

p
∝ Cffiffiffiffiffiffiffi

Tþθ
p ; ð3DAF fluctuationsÞ;

ð1Þ

where θ is a symbolic temperature related to AF correla-
tions. As shown in Fig. 2(b), the experimental data can be
well fitted by these equations of 2D and 3D AF spin
fluctuations, so we cannot distinguish the dimensionality
of the spin fluctuations. In ternary half-Heusler com-
pounds, antiferromagnetic order was observed due to the
Ruderman-Kittel-Kasuya-Yosida interaction between con-
duction electrons and localized moments from the rare
earth ions [46]. However, as Y3þ ions do not carry any local
moments, the observed spin fluctuations might be related to
the electron correlations arising from Pt 5d orbitals. The
physical origin of such AF spin fluctuations requires further
theoretical and experimental investigations.
Next, we turn to the superconducting state of YPtBi.

Figure 3(a) shows the 195Pt-NMR spectra at various
temperatures at B0 ¼ 0.338 T. A line broadening and a
shift to the higher frequency below Tc is clearly observed.
Figure 3(b) shows the Knight shift K as a function of
temperature. We estimated Kdia from the superconducting
diamagnetic shielding effect [47], which is only about
−0.002 19% and can be neglected in the following analysis
(see Supplemental Material [37]). Therefore, considering
that Ahf is negative, the increase of Knight shift in the
superconducting state indicates the decrease of χspin. Our
observation is in contrast to the noncentrosymmetric
Li2Pt3B where the Knight shift does not change below
Tc [8], but is similar to Li2Pd3B, which has the same
structure as Li2Pt3B but a smaller SOC [48]. However, in
order to know whether the superconducting pairing is of
spin-singlet dominant, one needs to know Korb. The
common approach is to plot K as a function of χ to deduce
the contribution from χspin in the total Knight shift K [49].
But this method is not possible for YPtBi, since Knight
shift is nearly T independent in the normal state.
Another method to obtainKorb is to change the density of

state (DOS) at the Fermi levelNðEFÞ by doping or applying
pressure. Since Ks is proportional to NðEFÞ and ð1=T1TÞ0

is proportional toNðEFÞ2,Korb can be deduced by plottingK
versus ð1=T1TÞ1=20 [50]. For YPtBi, we found that both K
and 1=T1T have a pressure dependence [37]. Since 1=T1T is
temperature independent above T ∼ 40 K, where K is
temperature independent as well, we have taken 195K at
40 K and ð1=T1TÞ1=2 at 65 K and shown the data for various
pressures in Fig. 4. A linear relationship between the two
quantities is observed. From the extrapolation of the straight
line, we have determined that 195Korb ∼ 0.94� 0.07%. For a
pure spin-singlet state, Ks vanishes at zero temperature.
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FIG. 3. (a) The 195Pt-NMR spectra at various temperatures at
0.338 T. The solid curves are fitted by the Gaussian function. (b)
and (c) show the temperature dependence of the 195Pt Knight shift
K and full-width at half-maximum (FWHM) at B0 ¼ 0.338 T,
respectively. Tc is marked with a red arrow. The horizontal arrow
indicates the position of the orbital Knight shift. Dashed lines are
guides for the eye.
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Therefore, our results show that Ks is finite at zero-
temperature limit [see Fig. 3(b)], suggesting a mixed state
of spin-singlet and spin-triplet (or spin-septet) pairing.
The evolution of the NMR linewidth below Tc also

suggests an unconventional superconducting state with a
substantial component of spin-triplet or spin-septet pairing.
Figure 3(c) shows the full width at half maximum (FWHM)
of 195Pt-NMR spectra as a function of temperature. The
FWHM is temperature independent above Tc and starts to
increase just below Tc. One possibility for the broadening is
due to the vortices in the superconducting state [51,52].
However, by taking the London penetration depth from the
previous muon spin rotation measurement [53], we esti-
mated the broadening asΔFWHM ¼ 10−4 kHz [37], which
is far less than our observation of 5 kHz. Therefore, the
observed broadening implies the emergence of a distribution
of the Knight shift in the superconducting state. The most
possible reason is that the pairing has a substantial compo-
nent of the odd-parity pairing. For the odd-parity pairing
with the d-vector along a certain crystal axis, the Knight
shift is unchanged below Tc with the magnetic field applied
perpendicular to the d-vector, but changes to Korb toward
zero temperature when the magnetic field is along the
d-vector [5,7]. In the powder sample used in our Letter, the
orientation of grains is random with no preferred direction.
A distribution of the angle between the applied magnetic
field and the d-vector will lead to the broadening of the
spectrum (see Supplemental Material [37]).
The unconventional nature of the superconductivity also

manifests in the temperature dependence of 1=T1, which is
shown in Fig. 5. Below Tc, 1=T1 drops rapidly with the T3

dependence, with no Hebel-Slichter coherence peak, sug-
gesting the unconventional nature of the superconductivity.
This is in sharp contrast to the isostructural compoundLaPtBi
where a clear Hebel-Slichter peak was observed [54]. The
(1=T1s) in the superconducting state is expressed as [55]

T1N

T1S
¼ 2

kBT

ZZ �
1þ Δ2

EE0

�
NsðEÞNsðE0ÞfðEÞ½1 − fðE0Þ�

× δðE − E0ÞdEdE0; ð2Þ

where 1=T1N (1=T1S) is the relaxation rate in the normal
(superconducting) state, NsðEÞ ¼ N0E=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 − Δ2

p
is the

superconducting DOS, fðEÞ is the Fermi distribution func-
tion, and C ¼ 1þ ðΔ2=EE0Þ is the coherence factor. For an
s-wave gap, the coherence factor and the divergence of the
DOS at E ¼ Δ will lead to a Hebel-Slichter peak just below
Tc. If there are nodes in the gap function, the term Δ2=EE0
disappears due to sign change, then the coherence peak will
not be observed, as in cuprates [56]. The important feature of
1=T1 ∝ T3 is consistent with the existence of line nodes in the
gap function. For example, in the d-wave model,NSðEÞ ∝ E
at low E, which results in a T3 variation of 1=T1 following
Eq. (2).Meanwhile, we notice that the temperature-dependent

1=T1 shows a crossover from T3 to T linear behavior below
T ∼ 0.3Tc, suggesting the existence of impurity scattering
[57],which is always observed in the superconductorwith line
nodes in the gap function, such as cuprates and Na0.35CoO2 ·
yH2O [56,58]. However, we note that a simple d-wave model
is not consistent with the London penetration depth meas-
urement, which shows that multiple gaps exist in the super-
conducting state [26].
So we try to fit the data with multiple gaps, assuming that

the total superconducting DOS is contributed from two gaps
as Ntot ¼ αN1 þ ð1 − αÞ · N2, where N1 and N2 are the
superconductingDOS from twogaps. First,we employed the
sþ p two-gap model [26–29]. By considering the resonant
impurity scattering [59], we tried both ABM and polar type
p-wave order parameters, as Δpolarðθ;φÞ ¼ Δ0 cos θ and
ΔABMðθ;φÞ ¼ Δ0 sin θ · eiφ, as shown in Fig. 5 [60]. The
blue dashed curve is a fit by using the sþ pðpolarÞ two-gap
model with Δ1

s0 ¼ 2.0kBTc, Δ2
p0 ¼ 2.9kBTc, α ¼ 0.43, and

Γ=Δ0 ¼ 0.12. The black dashed curve is a fit by using
the sþ pðABMÞ two-gap model with Δ1

s0 ¼ 1.8kBTc,
Δ2

p0 ¼ 3.2kBTc, α ¼ 0.45, and Γ=Δ0 ¼ 0.20. Our calcula-
tions show that 1=T1 can be fitted very well by using the
sþ p two-gap model. Next, we tested the dþ s two-gap
model [30,31,33]. With Δ1

d0 ¼ 1.3kBTc, Δ2
s0 ¼ 3.2kBTc,

α ¼ 0.52, and Γ=Δ0 ¼ 0.2, 1=T1 can still be fitted very
well (see Fig. 5). In the end, we utilized the dþ p two-gap
model and found that our results can also be well fitted as
demonstrated in Fig. 5. For the dþ pðpolarÞ two-gapmodel,
we took Δ1

d0 ¼ 2.4kBTc, Δ2
d0 ¼ 1.8kBTc, α ¼ 0.50, and

Γ=Δ0 ¼ 0.08. For the dþ pðABMÞ two-gap model, we
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FIG. 5. 1=T1 as a function of temperature. Tc is marked with an
arrow. The blue and black dashed curves represent fits with the
sþ pðpolarÞ and sþ pðABMÞ two-gap models (see the text),
while the orange dashed curve represents a fit with the dþ s two-
gap model (see the text). The red dashed and green dotted curves
are fits with the dþ pðpolarÞ and dþ pðABMÞ two-gap models
(see the text), respectively. Thin lines for T3 and T are guides for
the eye.
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took Δ1
d0 ¼ 2.4kBTc, Δ2

d0 ¼ 1.6kBTc, α ¼ 0.50, and
Γ=Δ0 ¼ 0.12. We note that electron correlation effects are
not considered in our 1=T1 simulation model. Future studies
are needed to include electron correlation effects in the
simulation model to further improve the understanding of
the superconducting properties of YPtBi.
Although our calculations show that various two-gaps

models can fit our 1=T1 data very well, the residual spin
susceptibility at zero temperature and the anomalous line
broadening in the superconducting state suggest that a
mixed state of s- or d-wave singlet and p-wave triplet (or
septet) pairing is more possible. An admixture of s-wave
singlet and p-wave septet superconducting states was
proposed in LuPbBi [61]. Theoretical calculation suggests
a large band splitting by SOC of 500 meV in LuPdBi,
which is similar to 680 meV in YPtBi [36]. In non-
centrosymmetric half-Heusler compound LaPtBi, the band
splitting by SOC at the Fermi level is only a few meV [62]
and an isotropic superconducting gap is dominant [54]. All
these immediately indicate that SOC is crucial for forming
unconventional superconductivity in noncentrosymmetric
half-Heusler compounds. We note that the dþ p two-gaps
model was not proposed by any current theory so far.
However, the observed AF spin fluctuations could help
forming the d-wave pairing as observed in cuprates [56],
which suggests that dþ p pairing symmetry is more self-
consistent in describing the data for both the superconduct-
ing and normal states in YPtBi. In any case, our results
show that YPtBi is a unique platform to study the relation-
ship between unconventional superconductivity, topologi-
cal band structure, and spin fluctuations.
In summary, through the 195Pt-NMR measurements in

YPtBi, we have shown that YPtBi is an unconventional
superconductor with AF spin fluctuations in the normal
state. The residual spin susceptibility at zero-temperature
limit, as well as a large increase of linewidth in the
superconducting state, suggest that it is a mixed state of
the spin singlet with a substantial component of spin-triplet
or spin-septet pairing. Moreover, we find that the temper-
ature dependence of 1=T1 can be explained by the sþ p or
dþ p pairing symmetry. Our findings provide new insights
into the TSC candidate YPtBi and important constraints for
the theoretical modeling of such promising superconduct-
ing phase. We hope that these results will stimulate further
experimental and theoretical works on the half-Heusler
superconductors.
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