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The superconducting gap symmetry is investigated by 125Te NMR measurements on Sc6MTe2 (M = Fe, Co)
without spatial inversion symmetry. The spin susceptibility obtained from the Knight shift K is suppressed below
the superconducting transition temperature, while leaving a finite value down to the lowest temperature (�0.4 K).
The nuclear spin-lattice relaxation rate 1/T1 follows a power law against temperature T without showing a
coherence peak characteristic of the isotropic gap. The result implies a pairing admixture or a residual density
of states under magnetic field. The normal metallic state has a Korringa scaling relation between 1/T1T and the
Knight shift, reflecting a weak electron correlation.
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I. INTRODUCTION

Noncentrosymmetric superconductors have attracted at-
tention due to parity mixing and reciprocal transport [1–5].
The antisymmetric spin-orbit coupling under strong spin-orbit
coupling and broken spatial inversion brings out uncon-
ventional Cooper pairing with a mixed parity of even
spin-singlet and odd spin-triplet symmetry [6]. Topologi-
cal superconductors including a spin-triplet superconductor
with Majorana bound states provide a significant platform
for topological quantum computation that implements error
corrections against local perturbation [7]. The hallmark exper-
imental evidence for spin-triplet pairing satisfies anisotropic
spin susceptibility, enhanced Pauli-limiting field, zero-bias
conductance, and time-reversal symmetry breaking [8–10].
Noncentrosymmetric superconductors have been studied ex-
tensively in rare-earth metals such as CePt3Si [6,11–13],
transition-metal alloys [14–19], topological semimetals [20],
and artificial superlattices [21]. The parity admixture strongly
depends on electron correlation and spin-orbit coupling [9].
Thus, a physical and chemical tuning of these parameters is
desired to quantitatively uncover the effect of antisymmetric
spin-orbit coupling on superconducting pairing symmetry.

Ternary scandium tellurides Sc6MTe2 (M: transition met-
als) have a hexagonal Zr6CoAl2-type structure without
inversion symmetry [22,23]. Superconductivity was discov-
ered in Sc6FeTe2 with a hexagonal P6̄2m (D3

3h, No. 189)
lattice at the highest transition temperature Tc = 4.7 K among
a series of materials [24]. The upper critical field extrapo-
lated to 0 K reaches 8.7 T, which is comparable to the Pauli
paramagnetic limit. The second highest Tc = 3.6 K has been
observed in Sc6CoTe2 having the same lattice symmetry [24].
Although the band splitting due to spin-orbit coupling and
inversion symmetry breaking is smaller than that of rare-

earth compounds, the strength of the electron correlation can
be systematically tuned by a chemical substitution of the
M site with 3d , 4d , and 5d transition metals. The density
of states D(EF) at the Fermi level EF is mainly composed
of Sc and M bands in the band calculation. EF is located
close to a peak of D(E ) for M = Fe and a valley for Co.
The Sommerfeld coefficient obtained from the specific heat,
γ = 73 (Fe) and 55 (Co) mJ/K2 mol, is significantly greater
than the calculated free-electron value γ ∼ 22 mJ/K2 mol,
suggesting a strong electron correlation. The specific heat
jump (�C/Tc = 2.4) in Sc6FeTe2 at Tc well exceeds the value
(�C/Tc = 1.43) expected for the weak-coupling Bardeen-
Cooper-Schrieffer (BCS) superconductor and thus implies
strong-coupling superconductivity.

We utilize NMR spectroscopy as a powerful probe of
parity mixing in noncentrosymmetric superconductors with
strong spin-orbit coupling [25–34]. The Knight shift, which
measures the local spin susceptibility at the selected atomic
site, distinguishes the predominant contribution from the
spin-singlet and spin-triplet pairing. Since spin is not the con-
servative quantity under spin-orbit coupling, the possibility
of the spin-triplet admixture state must be carefully exam-
ined from the pseudospin susceptibility [35]. The nuclear
spin-lattice relaxation rate 1/T1 as a function of temperature
measures the coherence factor of superconducting pairing and
thus measures the spatial symmetry of the order parameter.

In this paper, we investigate the local spin susceptibility
of superconducting and normal states through 125Te NMR
measurements on Sc6FeTe2 and Sc6CoTe2 without inver-
sion symmetry. The NMR spectrum uncovers the absence or
presence of the structural symmetry-breaking transition. The
results of Knight shift and 1/T1T are compared with the first-
principles band calculation. We examine the possible pairing
symmetry and the effect of electron correlation.

2469-9950/2025/111(21)/214502(7) 214502-1 ©2025 American Physical Society

https://orcid.org/0009-0006-9509-6245
https://orcid.org/0009-0007-1703-3422
https://orcid.org/0000-0003-4468-0522
https://orcid.org/0000-0003-2883-4376
https://orcid.org/0000-0003-3206-1919
https://orcid.org/0000-0001-5764-2133
https://orcid.org/0000-0003-2268-1575
https://ror.org/04chrp450
https://ror.org/04chrp450
https://ror.org/057zh3y96
https://ror.org/01w6wtk13
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.111.214502&domain=pdf&date_stamp=2025-06-02
https://doi.org/10.1103/PhysRevB.111.214502


KANAKO DOI et al. PHYSICAL REVIEW B 111, 214502 (2025)

II. EXPERIMENT

125Te NMR measurements were conducted on polycrys-
talline samples of Sc6MTe2 (M = Fe, Co) synthesized with
the arc melting method under Ar atmosphere [22–24]. The
sample was dispersed in melted paraffin to avoid eddy cur-
rent under NMR radio-frequency (rf) pulses. Instead of the
45Sc nuclear spin (45I = 7/2) with a complex quadrupole-split
NMR spectrum, here we performed 125Te (125I = 1/2) NMR
with a simple spectrum. Tc under magnetic field was deter-
mined from a diamagnetic response of the in situ tank circuit
and the intensity of the NMR signal. The NMR spectrum
was measured under static magnetic fields of 2.57 and 9.13 T
in the superconducting and normal states, respectively. The
NMR spectrum was obtained from the Fourier transformation
of the spin-echo signal taken after the rf pulses with the in-
terval time τ = 30 µs and the duration tπ/2 = 2 µs. The 125Te
Knight shift is defined by K = (ω − ω0)/ω0 from the reso-
nance frequency ω using the reference frequency ω0 = γnH ,
where the bare gyromagnetic ratio γn/2π = 13.454 MHz/T.
The rf power dependence of the Knight shift was measured at
1.4 K, keeping the pulse length constant. We find no power
dependence between 100 and 6 mJ, which provides evidence
for the negligible heating effect below Tc. 1/T1 was mea-
sured with a saturation recovery method in which the nuclear
magnetization recovery follows a single-exponential function
above Tc and becomes a stretched exponential with exponent
β = 0.8–1 below Tc.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A single 125Te NMR spectrum was observed at high tem-
peratures, as shown in Fig. 1, consistent with the single Te site
of the P6̄2m lattice. The nearly symmetric spectrum reflects
the isotropic hyperfine coupling tensor and spin susceptibility.
The spectrum of Sc6FeTe2 shifts to a lower frequency and
broadens upon cooling. The line shape becomes asymmetric
at low temperatures, which implies a distribution of the local
spin susceptibility or an inhomogeneous dipole field from
magnetic impurities.

The Knight shift K determined from the peak position
scales to χ below 200 K, as shown in Fig. 2(a). As the bulk
spin susceptibility χ increases upon cooling (a solid curve
on the right-hand axis), the negative Knight shift represents
the negative hyperfine coupling constant due to the predom-
inant core polarization of s-electron spins. The linearity of
the K-χ plot yields the hyperfine coupling constant Hhf =
−0.8(2) T/μB for Sc6FeTe2. The details of the K-χ analysis
are described in the Appendix.

For Sc6CoTe2, the 125Te NMR spectrum is also narrow at
high temperatures, as shown in Fig. 1. In contrast to Sc6FeTe2,
the spectrum starts to broaden around T ∗ ∼ 150 K and splits
into two at lower temperatures. The splitting indicates a dou-
bling of the Te site by breaking the mirror symmetry in the unit
cell. The transition occurs continuously, as shown in Fig. 1(b),
where K defined by each spectral peak shows the contrasting
temperature dependence below T ∗: One Te spectrum shifts to
a higher frequency just below T ∗, while another shifts to a
lower side.

FIG. 1. (a) Crystal structure of Sc6FeTe2. Temperature depen-
dence of 125Te NMR spectrum for (b) Sc6FeTe2 and (c) Sc6CoTe2

under magnetic field H0 = 9.13 T.

For 125I = 1/2 without an electric quadrupole interaction,
a spectral splitting comes purely from a magnetic origin, e.g.,
the difference in the local density of states between two Te
sites. An increase in the averaged shift of two spectra below
T ∗ represents a suppression of χ for the negative hyper-
fine coupling constant. The scaling between the averaged K
yields Hhf = −3.4(3) T/μB. Since the density of states at the
Fermi level, D(EF), is governed by the transition metal M
and the scandium sites in the band-structure calculation [24],
the hyperfine coupling at the Te sites would come from the
transferred interaction with surrounding ions. The observed
structural transition in Sc6CoTe2 implies a structural instabil-
ity for a symmetry lowering possibly due to the orbital-lattice
coupling of transition metals.

A weak thermal variation of K and spin susceptibility is at-
tributed to the dependence of D(EF) averaged over the energy
range of kBT . The spin susceptibility proportional to D(EF)
is enhanced (or suppressed) when EF is located close to the
ridge (or valley) of the density of states, consistent with the
band calculation in Sc6FeTe2 (Sc6CoTe2), respectively [24].

At low fields below Hc2, the Knight shift gives the spin
susceptibility in the superconducting phase. We measured
125Te NMR spectra across Tc at H = 2.57 T well below Hc2.
Tc is obtained as 3.4 and 2.5 K for Sc6FeTe2 and Sc6CoTe2,
respectively, at H = 2.6 T in the resistivity measurement [24].
As shown in Fig. 3, the peak frequency of the spectrum is
almost independent of the temperature in the normal state
below 10 K and starts to shift in a positive direction below
Tc for Sc6FeTe2. For a negative hyperfine coupling constant,

214502-2



ANISOTROPIC SUPERCONDUCTING GAP PROBED BY … PHYSICAL REVIEW B 111, 214502 (2025)

FIG. 2. 125Te Knight shift K (the left-hand axis) and the bulk
magnetic susceptibility χ (solid curves, the right-hand axis) against
temperature T for (a) Sc6FeTe2 and (b) Sc6CoTe2. Open symbols in
(b) are the averaged K for two Te sites below T ∗. Note that both
vertical axes are expanded for clarity.

the spin susceptibility is suppressed below Tc, as expected in
spin-singlet superconductors [36].

For Sc6CoTe2, one of the spectra at the lower frequency
exhibits a positive shift below Tc, as shown in Fig. 3(b).
In contrast, the spectrum for the higher frequency exhibits
a tiny shift. The site-dependent shift rules out the extrinsic
origin due to the Meissner effect and reflects the difference
in the spin density between two Te sites, which participates
in the superconducting pairing. For the negative hyperfine
coupling, the positive Knight shift also indicates a decrease in
spin susceptibility below Tc. The residual value at the lowest
temperature can be attributed to the paramagnetic component
arising from spin-triplet pairing or a residual density of states.

The Knight shift generally consists of the spin part Ks

and the orbital part Korb. Assuming Korringa’s relation de-
scribed in the following, the orbital part Korb is evaluated
from the K-(T1T )−0.5 plot as Korb = 0.02% for Sc6FeTe2 and
Korb = 0.05% for Sc6CoTe2 (see Appendix). The difference
of K between the normal and superconducting states is tiny:
�K = 0.04% for Sc6FeTe2 and �K = 0.02% for Sc6CoTe2

[Fig. 3(c)], which are one order smaller than those expected
in the spin-singlet state. The spectral broadening below Tc can
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FIG. 3. Temperature dependence of 125Te NMR spectra for
(a) Sc6FeTe2 and (b) Sc6CoTe2 across Tc at H0 = 2.57 T. Dashed
lines indicate the peak positions above Tc. (c) K obtained from the
peak position of the NMR spectrum. Only the lower-frequency shift
is plotted in Sc6CoTe2.

be attributed to a magnetic impurity and the penetration of
vortex cores.

The superconducting gap structure was investigated by
1/T1 in a magnetic field of 2.57 T, as shown in Fig. 4. 1/T1

linearly decreases with temperature in the normal state and
shows a steep drop below Tc = 3.3 and 2.2 K for Sc6FeTe2

and Sc6CoTe2, respectively. The coherence peaks expected in
s-wave superconductors were not observed just below Tc. In-
stead, 1/T1 follows the power law ∝T n (n � 3) rather than the
exponential function expected in a full-gap superconductor.
The result is consistent with the presence of line nodes in the
quasiparticle excitation gap.

In standard metals, 1/T1T is proportional to the square
of D(EF). As shown in Fig. 5, 1/T1T slightly increases or
decreases upon cooling for Sc6FeTe2 and Sc6CoTe2, respec-
tively. The behavior is similar to those of χ and K proportional
to D(EF) in Fig. 2. Therefore, Korriga’s relation, 1/T1T ∝ K2

s ,
holds in both compounds (see also the Appendix). That is,
the ratio 1/T1T K2

s takes the universal constant called the
Korringa constant Kα = h̄

4πkB
( γe

γn
)2 1

T1T K2
s
, where γe is the elec-
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FIG. 4. Temperature dependence of 1/T1 measured at 2.57 T.
Arrows indicate the superconducting transition temperature Tc de-
termined by the zero resistance [24] and the in situ ac susceptibility
measurement. The dotted and solid curves are numerical calculations
from the conventional full gap [37] and line-node gap superconduc-
tor. The solid line is a guide of the power law (∼T 3).

tron gyromagnetic ratio. Kα would be progressively enhanced
or suppressed against temperature in the presence of antifer-
romagnetic or ferromagnetic fluctuations, respectively. Here,
we obtained temperature-independent Kα = 1.0 for Sc6FeTe2

and 1.3 for Sc6CoTe2, suggesting a negligible effect of spin
fluctuations in the normal state.

In a weakly correlated metal, the superconducting order
parameter would have an s-wave nature, as anticipated from
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FIG. 5. Nuclear spin-lattice relaxation rate divided by temper-
ature, (T1T )−1, on Sc6FeTe2 and Sc6CoTe2 at H = 9.13 T. We
obtained T1 for the integrated spin-echo intensity of the two Te sites
in Sc6CoTe2 below T ∗. No indication of a magnetic transition is
observed at 150 K, where the NMR spectrum starts to split.

the BCS theory mediated by phonons, whereas it can be
anisotropic in the presence of strong electron-electron and
electron-phonon coupling. In Sc6MTe2, superconductivity in-
duced by strong electron-phonon coupling has been recently
proposed on the basis of the ab initio calculation [38], where
the anharmonic low-frequency phonon (rattling) mode plays
a crucial role in superconductivity. Strong-coupling supercon-
ductivity was also expected from the specific heat behavior
across Tc in Sc6FeTe2 [24], which is compatible with the
present NMR results showing the anisotropic order parameter.
The strong electron-phonon coupling, if any, can be observed
as an enhancement of 1/T1T , as is known in KOs2O6 hav-
ing a rattling phonon mode [39]. To uncover the phonon
dynamics, we have measured 1/T1 at the 45Sc sites with an
electric quadrupole interaction for Sc6FeTe2. It also follows
Korringa’s law without the enhancement of 1/T1T in the nor-
mal metallic state.

Note that the coherence peak is sensitively suppressed in
the presence of magnetic field and impurities [40–43]. The
gap structure and topology can change by impurities, as dis-
cussed in Fe pnictide superconductors [44]. For Sc6FeTe2,
the Sommerfeld coefficient γ remains finite even under zero
magnetic field and increases with the magnetic field, implying
a small amount of extrinsic normal-state domain around de-
fects [24]. We observed a slight suppression of the stretched
exponent well below Tc, indicating the residual normal state
under magnetic field. Although further low-field experiments
are desired, we have not succeeded in detecting the NMR
signal of the superconducting phase at lower fields due to the
Meissner shielding against the rf pulse.

In Sc6MTe2, the band splitting due to the absence of inver-
sion symmetry would be too small to admix the spin-singlet
and spin-triplet pairing [24]. If the spin-triplet component
exists, the spin susceptibility depends on the magnetic field
direction: It is independent of temperature in a magnetic field
parallel to the d vector of spin-orbit coupling, while it de-
creases below Tc for a field normal to the d vector. Taking
into account the d vector parallel to the c axis, spin suscep-
tibility would decrease along the in-plane direction, leading
to a positive change below Tc. Then, the NMR spectrum for a
powder sample is distorted into the axially anisotropic powder
pattern in the superconducting phase, which does not match
our experimental result. For confirmation of parity mixing,
it would be necessary to measure the anisotropy of the spin
susceptibility on a single crystal.

IV. CONCLUSION

In conclusion, the symmetry of the superconducting or-
der parameter was investigated on the noncentrosymmetric
Sc6MTe2 without inversion symmetry through 125Te NMR
measurements. The spin susceptibility obtained from the
Knight shift is suppressed below Tc, consistent with the spin-
singlet pairing, while the large residual value implies parity
mixing of the spin-triplet and singlet components due to spin-
orbit coupling. The temperature dependence of 1/T1 provides
evidence for the nodal gap in the quasiparticle excitation. The
possibility of spin-singlet and spin-triplet superconductivity
should be carefully considered through lower-field experi-
ments with a high-quality single crystal.
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FIG. 6. Knight shift vs bulk magnetic susceptibility as an im-
plicit function of temperature for Sc6FeTe2 and Sc6CoTe2 at H =
9.13 T. K was defined as an average shift for two Te sites in Sc6CoTe2

below T ∗. The black line is the calculated orbital shift.
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APPENDIX: EVALUATION OF ORBITAL KNIGHT SHIFT

As described above, the NMR Knight shift consists of spin
and orbital parts. The spin part Ks can depend on temperature
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FIG. 7. Knight shift K plotted against the square of the nuclear
spin-lattice relaxation rate divided by temperature, (T1T )−0.5, on
Sc6FeTe2 and Sc6CoTe2 at H = 9.13 T.

and be proportional to spin susceptibility. The orbital part Korb

governed by the Van Vleck orbital susceptibility is indepen-
dent of temperature and subtracted from the K vs χ plot in
Fig. 6. Good linearity is observed in the temperature range of
100–180 and 20–200 K for Sc6FeTe2 and Sc6CoTe2, respec-
tively. The linearity yields the hyperfine coupling constant, as
described in the main text. The crossing points between spin
and orbital linearity give the constant offset Korb = 0.29%
(Fe) and 0.48% (Co).

In Fermi-liquid metal without spin fluctuations, Ks and
(T1T )−1 are proportional to D(EF) and D(EF)2, respectively.
Then Ks is linear to (T1T )−0.5 as an implicit function of
temperature. Here, the orbital contribution in (T1T )−1 would
be negligible for Te sites without orbital degeneracy. The
extrapolation in the K-(T1T )−0.5 linearity can be another way
to evaluate Korb [45], which should be consistent with the K-χ
plot.

We find a good linear relation between K and (T1T )−0.5, as
shown in Fig. 7. We obtained Korb = 0.02% and 0.05%, which
is largely different from the K-χ plot. The discrepancy may
come from the significant constant offset of the bulk magne-
tization, as observed in Fe and Co pnictide superconductors
[46,47]. In the present case, it can be attributed to the small
amount of magnetic impurities.
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Matsuda, Y. Haga, Y. Ōnuki, P. Rogl, and E. Bauer, Evidence
for a novel state of superconductivity in noncentrosymmetric
CePt3Si: A 195Pt-NMR study, Phys. Rev. Lett. 93, 027003
(2004).

[35] P. A. Frigeri, D. F. Agterberg, and M. Sigrist, Spin susceptibility
in superconductors without inversion symmetry, New J. Phys. 6,
115 (2004).

[36] K. Yosida, Paramagnetic susceptibility in superconductors,
Phys. Rev. 110, 769 (1958).

[37] L. C. Hebel and C. P. Slichter, Nuclear relaxation in supercon-
ducting aluminum, Phys. Rev. 107, 901 (1957).

[38] M.-C. Jiang, R. Masuki, G.-Y. Guo, and R. Arita, Ab initio study
on magnetism suppression, anharmonicity, rattling mode, and
superconductivity in Sc6MTe2 (M = Fe, Co, Ni), Phys. Rev. B
110, 104505 (2024).

214502-6

https://doi.org/10.1103/PhysRevLett.87.037004
https://doi.org/10.1143/JPSJ.76.051008
https://doi.org/10.1021/acs.chemmater.3c00713
https://doi.org/10.1103/PhysRevLett.92.027003
https://doi.org/10.1103/PhysRevLett.94.207002
https://doi.org/10.1103/PhysRevB.69.094514
https://doi.org/10.1103/PhysRevLett.93.247004
https://doi.org/10.1103/PhysRevB.72.174505
https://doi.org/10.1103/PhysRevLett.102.117007
https://doi.org/10.1103/PhysRevX.5.011013
https://doi.org/10.1103/PhysRevLett.115.267001
https://doi.org/10.1103/PhysRevLett.124.207001
https://doi.org/10.1103/PhysRevB.89.020505
https://doi.org/10.1038/s41586-020-2590-4
https://doi.org/10.1021/ic0302581
https://doi.org/10.1021/ic0003269
https://doi.org/10.7566/JPSJ.92.103701
https://doi.org/10.1103/PhysRevB.73.092508
https://doi.org/10.1103/PhysRevB.71.220505
https://doi.org/10.1103/PhysRevLett.98.047002
https://doi.org/10.1143/JPSJ.77.124711
https://doi.org/10.1103/PhysRevLett.100.107003
https://doi.org/10.1143/JPSJS.77SA.348
https://doi.org/10.7566/JPSJ.82.084711
https://doi.org/10.1103/PhysRevB.89.140504
https://doi.org/10.1103/PhysRevB.107.104512
https://doi.org/10.1103/PhysRevLett.93.027003
https://doi.org/10.1088/1367-2630/6/1/115
https://doi.org/10.1103/PhysRev.110.769
https://doi.org/10.1103/PhysRev.107.901
https://doi.org/10.1103/PhysRevB.110.104505


ANISOTROPIC SUPERCONDUCTING GAP PROBED BY … PHYSICAL REVIEW B 111, 214502 (2025)

[39] M. Yoshida, K. Arai, R. Kaido, M. Takigawa, S. Yonezawa, Y.
Muraoka, and Z. Hiroi, NMR observation of rattling phonons
in the pyrochlore superconductor KOs2O6, Phys. Rev. Lett. 98,
197002 (2007).

[40] Y. Masuda and M. Hashimoto, NMR studies on magnetic im-
purity effect in type II superconductors, J. Phys. Soc. Jpn. 31,
1661 (1971).

[41] H.-Y. Choi and E. J. Mele, Effects of impurity vertex correction
on the NMR coherence peak in s-wave superconductors, Phys.
Rev. B 52, 7549 (1995).
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