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Spin Triplet Superconducting State due to Broken Inversion Symmetry in Li,Pt;B
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We report !B and Pt NMR measurements in noncentrosymmetric superconductor Li,Pt;B. We find
that the spin susceptibility measured by the Knight shift remains unchanged across the superconducting
transition temperature T.. With decreasing temperature (7) below T, the spin-lattice relaxation rate 1/7)
decreases with no coherence peak and is in proportion to T>. These results indicate that the Cooper pair is
in the spin-triplet state and that there exist line nodes in the superconducting gap function. They are in
sharp contrast to those in the isostructural Li,Pd; B which is a spin-singlet, s-wave superconductor, and are
ascribed to the enhanced spin-orbit coupling due to the lack of spatial inversion symmetry. Our finding
points to a new paradigm where exotic superconductivity arises in the absence of electron-electron

correlations.
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In most superconducting materials, there is an inversion
center in the crystal which guarantees the parity conserva-
tion. In conventional superconductors, such as Al, where
the Cooper pair is formed by the attractive force produced
by lattice vibration, the orbital wave function (OWF) of the
Cooper pairs is in the s-wave form. Since an electron must
obey the Fermi statistics, the two spins of such Cooper pair
must be in the singlet state. This is also true in most
strongly correlated electron systems such as high
transition-temperature (7,.) copper oxides [1], cobalt oxide
Na,CoO, - 1.3H,0 [2], and many heavy-fermion com-
pounds [3], where the OWF is also symmetric although it
has nodes (zeros). In contrast, if the OWF is asymmetric
about the origin with nodes, e.g., a p-wave function, the
Cooper pair must be in the spin triplet state. Such a pairing
state is realized in superfluid 3He [4] and also believed to
occur in strongly correlated electron superconductors UPt;
[5], Sr,RuQ, [6], and (TMTSF),PF, [7].

However, when a superconductor lacks a crystal inver-
sion center, the above-described rule (parity conservation)
is violated due to the asymmetric spin-orbit coupling
(SOC), and the pairing symmetry becomes nontrivial
[8—-11].

In this Letter, we present NMR evidence that increasing
the strength of the SOC drastically changes the electron
pairing symmetry in noncentrosymmetric superconductors
Li,Pt(Pd);B. The perovskitelike cubic compounds
Li,Pd;B and Li,Pt;B are superconducting at 7. ~7 K
and ~2.7 K, respectively [12,13]. The inversion-symmetry
breaking effect is much larger compared with known com-
pounds such as CePt;Si (Ref. [14]); all the elements,
including the heavy element Pt(Pd), are located in non-
centrosymmetric positions, while in CePt;Si the main ef-
fect comes from noncentrosymmetric Si which is a much
lighter element. Also, in CePt;Si or Ulr (Ref. [15]), the
correlated f electrons play a major role in determining the
superconducting properties [16,17]; note that the 4/° ana-
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log of the former compound, LaPt;Si, is a conventional
superconductor [18]. However, there are no electron cor-
relations in Li,Pd;B [19,20], which turns out to be also true
in Li,Pt;B (see below). Li,Pd;B is a spin singlet, s-wave
superconductor as we reported previously [19]. In Li,Pt;B
where the SOC is much stronger, Yuan et al. suggested
very recently that their magnetic penetration depth data can
be interpreted by an extended s-wave, spin-triplet model
[21]. Here we present direct evidence from the measure-
ment of spin susceptibility that the Cooper pair is in the
spin triplet state in Li,Pt;B. We also find that there exist
line nodes in the OWF. These findings point towards a new
paradigm where exotic superconductivity arises without
electron-electron correlations.

Polycrystal samples of Li,Pt;B were prepared by the
arc-melting method with starting materials of Li (99.9%
purity), Pt (99.9%) and B (99.5%). The two-step arc-
melting process [12] was used. For NMR measurements,
the sample was crushed into powder. T at zero and a finite
magnetic field (H) was determined by measuring the ac
susceptibility using the in situ NMR coil. T,(H = 0) is
2.68 K. H., was estimated to be ~1.5 T, which is in
agreement with the report by Badica et al. [13]. To mini-
mize the reduction of 7, by H, the NMR measurements
were done at very low fields of 0.26 T for !'B and 0.39 T for
195pt. The NMR spectra were obtained by fast Fourier
transform (FFT) of the spin echo taken at a constant H.
The nuclear spin-lattice relaxation rate 1/7, was measured
by using a single saturation pulse and by fitting the nuclear
magnetization to a single exponential function since the
quadrupole interaction is absent; the fitting is excellent.
Measurements below 1.4 K were carried out in a *He-*He
dilution refrigerator. Efforts were made to avoid possible
heating by the 1f pulse, such as using a small-amplitude and
low-frequency (low H) rf pulse.

A superconducting state can be described by a product
of the OWF and the spin coordinate function (X;) of a

© 2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.98.047002

PRL 98, 047002 (2007)

PHYSICAL REVIEW LETTERS

week ending
26 JANUARY 2007

Cooper pair. The most direct probe for X; is the spin
susceptibility y, via the measurement of the Knight shift.
If the Cooper pair is in the singlet state, y, will vanish at
T < T.. For triplet pairing, however, y, will remain un-
changed across T,. Figure 1 shows the NMR spectra, with
those of Li,Pd;B for comparison. Figure 2 shows the
low-T blowup of the measured "B Knight shift. The
observed Knight shift (K,) is composed of the spin part
(K,) and the orbital part (K,,). K, 1s T independent, and
K is proportional to x,, K; = Ajrx,, where A, is the
hyperfine coupling between the nuclear and electron spins.
We first recall the data for Li,Pd;B where the shift in-
creases below T, (H = 1.46 T) = 5.7 K [19], as can be
seen in Fig. 2. This indicates the decrease of y, in the
superconducting state, since A, due to p electrons of
boron is negative [19]. Thus the spin pairing in Li,Pd;B
is in the singlet state. The solid curve in Fig. 2 is a fit to the
BCS theory, which yields K4, = 0.085% for ''B.

In contrast, the shift for Li, Pt;B does not change across
T.(H=026T)=21K or T, (H=0.35T)=18K.
The dotted curve illustrates the behavior at H = 0.26 T
if the Cooper pair is in the spin-singlet state as in Li,Pd;B.
As can be seen in Fig. 1 which shows the detailed evolution
of the !''B NMR spectra with temperature, the contrasting
behavior in the two materials is evident. In Li,Pd;B, the
spectrum moves toward high frequency progressively be-
low T,. However, in Li,Pt;B, the spectra at T = 2.0 K
(above T,) and 0.1 K (below T,) are almost overlapping
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FIG. 1 (color online). The temperature evolution of the !'B
NMR spectra. The horizontal axis (shift) is measured with
respect to Larmor frequency (f;). In the lower panel for
Li,Pt;B, the dotted curve depicts the expected spectrum at 7 =
100 mK if the Cooper pairing is in the singlet form (see text).

with each other. The dotted curve depicts the expected
spectrum at 7 = 0.1 K assuming spin-singlet pairing
(namely, K; = —0.013% vanishes completely), which
should be shifted by 0.63 kHz. It is obvious that such shift
change is much larger than the experimental resolution as
can be judged from the upper panel of Fig. 1 for Li,Pd;B,
and should be detectable if it would occur.

These results indicate that the Cooper pair is in a spin-
triplet state in Li,Pt;B, since the extrinsic cause for the
contrasting behavior of the Knight shift can be excluded as
elaborated below. First, one may worry about the influence
of the vortices. However, H/H,, is 0.17 in Li,Pt; B, which
is much smaller than 0.32 in Li,Pd;B [13,19]. Therefore,
the contribution from the normal electrons in the vortex
cores, if any, is much smaller in Li,Pt;B. Also, note that the
shift at H = 0.26 and 0.35 T, and also 0.39 T (see below)
shows the same behavior. Second, one cannot ascribe the
invariance of K to the spin-orbit scattering due to impu-
rities. The full width at half maximum of the NMR spectra
is about 3 G, which can be accounted for by dipole-dipole
interaction alone, thus indicating that the sample is very
clean. An estimate from the residual resistivity of 25 w{} -
cm in our polycrystal reveals a conservative mean free path
I,, ~ 500 A. On the other hand, if the impurity scattering is
so strong as to give, say, 90% of the normal-state shift KV,
then the spin-orbit mean free path I would be ~23 A, as
can be estimated from the formula KS/KN =1 —
2ls0/mEy [22], by using the coherence length &, =
145 A. However, this is clearly inconsistent with the cri-
terion of Igo >> [, required for the above formula. Also,
strong random scattering would destroy the nodes in the
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FIG. 2 (color online). The ''B Knight shift at low tempera-
tures for Li,Pd;B and Li,Pt;B. The curves are calculated
T dependence for spin-singlet pairing using the energy gap Ay =
1.1kgT,.. Ky, due to the orbital susceptibility is estimated to be
0.085% (also see the main text). The arrows indicate 7. (H =
1.46 T) for Li,Pd;B and T, (H = 0.26 T) for Li,Pt;B, respec-
tively.
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gap function, which is incompatible with our finding of
clear nodes by 7| measurement as described below.

The insight into the Cooper pair’s OWF can be gained
from the 1/T}. As is reproduced in Fig. 3, 1/T; in Li,Pd;B
is enhanced just below T, over its normal-state value,
forming a so-called coherence peak [19], which is a hall-
mark of an isotropic superconducting gap [23].

In contrast, 1/T; shows no coherence peak below T, in
Li,Pt;B, and decreases as 7> with decreasing temperature.
This behavior indicates the existence of line nodes in the
gap function, as has been seen in many heavy-fermion
superconductors [24—26]. The 1/Tg in the superconduct-
ing state is expressed as

TIN / _ /
N, ff ( )N (E)N,(ENFE)1 — f(E)]
X 6 E — E’)dEdE’ (1)

where 1/T,y is the relaxation rate in the normal state,
N,(E) is the superconducting density of states (DOS),
f(E) is the Fermi distribution function, and C = 1 + 1?1;'
is the coherence factor. When the gap function has nodes,
its average over the Fermi surface is zero and one obtains

C = 1. Also, the DOS at E = A is less divergent in such
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FIG. 3 (color online). Temperature dependence of the !'B
spin-lattice relaxation rate, 1/7, in Li,Pd;B and Li,Pt;B. The
experimental errors are within the circles. The arrows indicate
the superconducting transition temperature 7, under magnetic
fields. The curve is a fit to the BCS theory with Aq = 1.1kgT.
The straight lines indicate the 1/T, o T and 1/T, = T? relations,
respectively.

case. These two effects eliminate the coherence peak.
Moreover, if the nodes form a line, the DOS at low energy
is linear in E, which yields a 73 dependence of 1/T,
according to Eq. (1). Therefore, the T, results show that
the OWF of the Cooper pair has also changed drastically
from Li,Pd;B to Li,Pt;B. Our conclusions are further
supported by the Pt NMR results. In Fig. 4 are shown
the 7 dependence of 1/7; and the Knight shift of '°°Pt
under a magnetic field of H = 0.396 T. 1/T, shows a T°
variation below T, as in the !'B nuclear site. The Knight
shift has a much larger value as expected for a transition
metal element, and is invariant across 7,. The recent
measurement of magnetic penetration depth that shows
T-linear variation in Li,Pt;B is consistent with our results
[21].

A spin-triplet state with anisotropic OWF is realized in
superfluid *He [4] and also believed to occur in super-
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FIG. 4. The T dependence of 1/T; and the Knight shift for
195pt in Li,Pt;B.
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conductors UPt; [5], Sr,RuQ, [6], and (TMTSF),PF; [7].
In these cases, the existence of nodes in the gap function is
a manifestation of strong electron correlations (Coulomb
repulsion). However, the unconventional nature of the
superconducting state of Li,Pt;B cannot be attributed to
electron correlations. In fact, the electron correlation is as
weak as in Li,Pd;B, as can be judged from the conserva-
tion of Korringa law, namely, 1/T|T, and K, are
T independent in the normal state (see Figs. 2 and 3).
Instead, the striking difference in the pairing symmetry
between Li,Pd;B and Li,Pt;B should be attributed to the
difference in the SOC strength.

The SOC is described by the Hamiltonian, Hgg =
I [6V(r) X E]&, where k and & are the electron mo-

4m?c?

mentum and Pauli spin operator, respectively, and §V(r) is
the electrical field. The broken inversion symmetry in-

creases 6V(r). The magnitude of the SOC depends on
the number of positive charges (Z) that comprise the
nucleus. As a good approximation, it goes in proportion
to Z?, which is about 3 times larger for Pt than Pd. The
SOC lifts the twofold spin degeneracy of the electron
bands, violating the parity conservation. As a result, the
spin-singlet and spin-triplet states are mixed [8—11]. The
extent to which the triplet-state component is mixed de-
pends on the strength of SOC [8—11]. Our results show that
Li,Pt;B is an extreme case in which the strong SOC makes
the triplet state dominant. They explain some puzzles such
as the lower 7, in Li,Pt;B in spite of higher DOS than
Li,Pd;B (Ref. [27]); generally a spin triplet state results in
a lower T, for a system with otherwise same parameters
[28].

Finally, we note that a determination of the node posi-
tions in the gap function is an important issue to be settled
in future works. A p-wave model A(6) = A, cos(), with
horizontal line nodes, will fit perfectly our 1/7T; data: a
fitting parameter of Ay~ 2.5kzT. gives a T>-dependent
1/T, in the whole temperature range below T, for such
model [26]. On the other hand, the model proposed by
Yuan et al. [21] may also be able to explain the T variation
of 1/T, but seems difficult to account for the lack of the
coherence peak found here, since the momentum (k)-
A(RAK)
E(k)E(K")
cancel in such model where A (k) does not change sign over
the Fermi surface [29]. We hope that our results will
stimulate more theoretical works in this regard.

In conclusion, through extensive NMR measurements,
we have found that in noncentrosymmetric Li,Pt;B the
Cooper pair is in the spin-triplet state and there exist line
nodes in the gap function. The realization of such exotic
superconducting state is surprising, given that there are no
electron correlations in the material. The striking differ-
ence from the isostructural Li,Pd;B, which is a conven-
tional superconductor, arises from the much larger spin-
orbit coupling in Li,Pt3B. Our finding shows that Li,Pt;B
is a spin-triplet superconductor with the highest 7. to date

dependent term in the coherence factor will not

which will provide better opportunities for studying novel
superconductivity. We emphasize that noncentrosymmet-
ric superconductors are still rare, and Li,(Pd, Pt);B is an
ideal prototypical system for studying the effects of crystal
inversion-symmetry breaking.
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