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We report synthesis, '®Pt, ''B, and 'Li NMR measurements, and first-principles band calculations for
noncentrosymmetric superconductors Li,(Pd;_,Pt,);B (x =0, 0.2, 0.5, 0.8, 0.84, 0.9, and 1). For 0 < x < 0.8,
the spin-lattice relaxation rate 1/7, shows a clear coherence peak just below T, decreasing exponentially at
low temperature, and the Knight shift ' K decreases below 7. For x = 0.9 and 1.0, in contrast, 1/ T shows
no coherence peak but a T3 variation and '’ K remains unchanged across 7T,. These results indicate that the
superconducting state changes drastically from a spin-singlet dominant to a spin-triplet dominant state at x = 0.8.
We find that the distortion of B(Pt,Pd)¢ increases abruptly above x = 0.8, which leads to an abrupt enhancement
of the asymmetric spin-orbit coupling as confirmed by band calculation. Such structure distortion that enhances
the extent of inversion-symmetry breaking is primarily responsible for the pairing symmetry evolution. The
insight obtained here provides a guideline for searching for noncentrosymmetric superconductors with a large

spin-triplet component.
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The superconducting state in materials without spatial
inversion symmetry has been a very popular topic in condensed
matter physics. In superconductors with inversion symmetry,
the Cooper pairs must be either in the spin-singlet state or in
the spin-triplet state because of the parity conservation law.
In contrast, in superconductors without inversion symmetry,
mixing of the two states is permitted.' The mixing is
determined by spin-orbit coupling (SOC), which is a subject
under active scrutiny in various subfields of physics.

Noncentrosymmetric (NCS) superconductors provide a
possible new route to spin-triplet superconductivity with a high
T, above 3 K.* Furthermore, they may exhibit novel phenom-
ena such as unusual magnetoelectric effects® or a Fulde-Ferrel-
Larkin-Ovchinikov (FFLO) state with spatially varying pairing
functions.® Recently, NCS superconductors have received
renewed interests. It has been proposed that they can show
topological quantum phenomena such as edge states and non-
Abelian statistics,”® in analogy with topological insulators.”!°

Among various NCS compounds, Li;Pt;B (T, ~ 2.7K)!! is
of particular interest. Both Li,Pd;B (7, ~ 7 K)'? and Li,Pt;B
crystallize in a perovskitelike cubic structure composed of
distorted octahedral units of B(Pd,Pt)s and are categorized
as P4332 (No. 212) in space group.'® There is no inversion
center in all directions. Many experiments*!“~'® have found
that Li,Pt3B and Li,Pd;B show quite striking different
properties, except muon spin rotation (uSR).!” NMR,*!4
penetration depth, and specific heat measurements'>'® have
found that nodes exist in the gap function in Li,Pt;B while
Li,Pd;B is a BCS superconductor. Especially, the NMR results
suggested that the spin-triplet state is dominant in Li,Pt;B.*
An early interpretation was that the striking difference in the
superconducting properties between isostructual Li,Pt;B and
Li,Pd;B is due to the different strengths of the SOC originating
from the different atomic numbers (Z) of Pt and Pd.*'> The
atomic SOC is in proportion to Z2, which differs by a factor
of 3 between Pt and Pd.
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Therefore, in the subsequent search for new NCS super-
conductors, great effort has been made to include heavy ele-
ments, which has resulted in the discovery of MglOIr19B16,18
Ir,Gag,'® Re;W,2° BaPtSis, 2! and Ca(Ir,Pt)Si3.22 However, a
conventional isotropic superconducting gap was found in these
compounds,'®?223 and the spin-singlet state was evidenced in
Mg Ir9B 6.2> This suggests that Z is not the only parameter
determining the singlet-triplet mixing, and other factors await
to be revealed.

In this Rapid Communication, we synthesized Liy(Pd;_,
Pt,);B (x = 0.2, 0.5, 0.8, 0.84, 0.9, and 1) and studied the
evolution of the superconducting state by ''B, '*3Pt, and "Li
NMR measurements. We have also remeasured ' B for the pre-
vious x = 0 sample'* at a lower magnetic field, H = 0.26 T.
In contrast to a naive expectation, we find that the evolution
in the pairing symmetry in Liy(Pd;_,Pt,)3;B is not continuous
but is abrupt. For 0 < x < 0.8, the superconducting state is
dominantly a spin-singlet state. However, for 0.9 < x, the
spin-triplet state becomes dominant. The x = 0.84 compound
displays both spin-singlet and spin-triplet characteristics. We
find that the local structure changes abruptly for x > 0.8 as to
increase the extent of inversion-symmetry breaking, which
is an effective factor to enhance the strength of SOC as
confirmed by our first-principles band calculation. The abrupt
increase of the SOC is responsible for the abrupt change
in the superconducting properties. The insight obtained here
provides a guideline for searching for NCS superconductors
with a large spin-triplet component.

Polycrystalline samples of Li,(Pd;_,Pt,);B (x = 0.2, 0.5,
0.8, 0.84, 0.9, and 1) were prepared in this study by a
two-step arc melting method. In the first step, (Pd;_,Pt,);B
was synthesized by using Pd(99.95%), Pt(99.999%), and
B(99.8%). In the second step, excess Li(99%) by 5%—30%
was added to (Pd;_,Pt,);B. For x = 1, two new samples, #B
(T. = 2.4 K) and #C (T, = 2.25 K), whose T is close to that
reported by Yuan et al. (T, =2.43 K)"> and Takeya et al.
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FIG. 1. (Color online) (a) Representative Cu Ko XRD charts
(circles) with Rietveld analysis (solid curves). The error of the
Rietveld fitting (Rf) (Ref. 24) is about 3%. (b) The distorted B(Pd,Pt)¢
octahedral units. « is the angle between the two connected octahedra,
and /iy (Imin) 1 the longest (shortest) M-M (M = Pd,Pt) bond length.
(c) T. vs Pt content x.

(T. = 2.17 K),'® were made and measured. The previously
reported x = 1 sample (7, = 2.68 K)* is referred to as x = 1
#A. All fresh samples were confirmed to be single phase by
powder x-ray diffraction (XRD) [Fig. 1(a)]. Figure 1(b) depicts
the B(Pd,Pt)s octahedral units whose bond length and angle «
is obtained from Rietveld analysis.>* An inductively coupled
plasma (ICP) analysis was applied to check the Li:Pd(Pt):B
ratio of the resultant samples.”> T, for each sample at H = 0
and a finite H was determined by measuring the inductance of
the in situ NMR coil. The T, showed a smooth decrease with
increasing x [Fig. 1(c)].

NMR measurements were conducted at H = 0.26 T in
order to minimize the reduction of T, by H. The NMR spectra
were obtained by a fast Fourier transform of the spin echo
taken at the fixed H. The spin-lattice relaxation rate 1/ 7T} was
measured for !B, 95Pt, and "Li, and determined by a good
fit of the recovery of the nuclear magnetization to a single
exponential function. For the alloyed samples, a '*>Pt Knight
shift was measured, since it is much larger than that of ''B or
7Li and provides a higher accuracy for broadened spectra due
to alloying. Measurements below 1.4 K were carried out with
a 3He-*He dilution refrigerator.

The electronic structure calculations were performed by
using the full-potential augmented plane-wave plus local
orbital method and the Perdew-Burke-Ernzerhof parametriza-
tion of the generalized gradient approximation (GGA-PBE)
exchange-correlation function®® as implemented in the WIEN2K
code.?’” The spin-orbital interaction was included by using
a second variational procedure. The muffin-tin radii were
set to Ryt = 1.88 bohrs for B, Ryt = 2.27 bohrs for Li,
and Ryt = 2.12 bohrs for Pd and Pt. The plane-wave cutoff
(Kmax) was determined by Rpin Kmax = 7.0, where Ry, is the
minimal Ryr.
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FIG. 2. (Color online) (a) The T dependence of ''(1/T;). The
straight lines above T, indicate the 1/7y o< T relation. (b) The T
dependence of '3(1/T)) for x = 0.5, 0.84, 0.9, and 1. For both
(a) and (b), data were offset vertically for clarity by multiplying or
dividing by a number shown in the figure (Ref. 25). Data for x = 1#A
(H = 0.4 T) were taken from Ref. 4. The arrows indicate T, under a
magnetic field. The straight lines below 7. for x = 0.9 and 1 indicate
the 1/7; o T3 relation.

Figure 2 shows the temperature (7') dependence of ''B-
NMR 1/ T, for various x. For x < 0.8, ''(1/T}) just below T
is enhanced over its normal-state value, which is a well-known
characteristic for an isotropic energy gap. The data below T,
can be fitted by the BCS theory in a procedure described
previously,'#?* with a resulting gap amplitude Ay = 1.70,
1.56, 1.75, 1.50kgT, for x =0, 0.2, 0.5, 0.8, respectively.
The parameter r = A(0)/é that characterizes the height of the
coherence peak is 1.8, where § is the energy-level broadening.
For x = 0.9 and 1, however, ''(1/7}) shows no coherence
peak just below 7, and is in proportion to T3, which indicates
the existence of line nodes in the gap function.

The contrasting behavior for the two groups of x < 0.8
and x > 0.9 is seen in Pt NMR as well. In Fig. 2(b) the T
dependence of 13(1/T}) forx = 0.5,0.84, 0.9, and 1 is shown.
For x = 0.9 and 1, '%3(1/T}) shows no coherence peak below
T, and decreases in proportion to T>.

To see the spin state of the Cooper pairs, the spin
susceptibility xs via a Knight shift measurement is the most
effective probe. The T dependence of the Pt Knight shift
(' K) for various x is shown in Fig. 3. The '’ K for x = 0.2,
0.5, and 0.8 decreases below T. It also does so for x = 0.84,
but the reduction is smaller. For x = 0.9 and 1, however, ' K
remains unchanged across 7.

In order to evaluate quantitatively the evolution of y;, one
needs to know the Knight shift due to orbital susceptibility
Ko since generally K = Ko, + K, where the spin part K is
proportional to x or the density of states (DOS) at the Fermi
level, N(Er). Li NMR is useful for estimating '*> K o. All "Li
electrons are in s orbits and the angular moment L = 0, so that
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FIG. 3. (Color online) Temperature dependence of the Pt
Knight shift for various x. The arrows indicate 7. at H = 0.26 T ex-
ceptx = 1#A.Dataforx = 1#A were takenfromRef.4 (H = 0.4T)
but recalculated using the same magnetic-field calibration as other
samples.

"1/TiT) < N(E £)? without an orbital contribution mirrors
195K.. Figure 4 shows the relationship between 'K and
7(1/T,T)"/? for various Pt contents. Indeed, a linear relation
between the two quantities is seen. From the extrapolation of
the straight line, it is found that 195K v ~ 0.03%, then 'K
is due predominantly to ;.

These results imply that the spin-triplet state is dominant
for x = 0.9 and 1 and it evolves abruptly above x = 0.8. In the
intermediate regime, x = 0.84, both the spin-singlet and spin-
triplet characteristics can be seen. Namely, a small coherence
peak is observed and the reduction of %> K below T, is much
smaller. Finally, ' K not vanishing completely for x < 0.8
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FIG. 4. (Color online) The '* Pt Knight shift in the normal state
vs 7(1/T,T)"/? for different Pt contents.
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FIG. 5. (Color online) The x dependence of octahedron-
octahedron angle « and the bond-length ratio i‘:ﬁ For x = 1, data for
sample #B are shown. The open marks are data cited from Ref. 13.
The curves are guides to the eyes.

(Ref. 28) may be understood as due to some mixed spin-triplet
component and spin-flip scattering by disorder,”** and even
a possible interband susceptibility.?!

What is the origin of the abrupt increase of the spin-triplet
component above x = 0.8 ? Below we show evidence for the
SOC increasing abruptly above x = 0.8 due to an abrupt
increase of the B(Pd,Pt)s octahedra distortion. The extent
of inversion-symmetry breaking can be measured by two
parameters, namely, the angle o between the two connecting
octahedra [see Fig. 1(b)] and the ratio ll:;", where lnax (Unin)
is the longest (shortest) M-M (M = Pd,Pt) bond length. In a
centrosymmetric structure, l’;‘— =1 and o = 180°. Figure 5
shows the x dependencies of o determined by the general
coordinates of Pd(Pt), 12d (3.y,; — ») and Li, and of I’m—

determined by y and the lattice constant . Our data for
x = 0 and 1 are in good agreement with those calculated from
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FIG. 6. (Color online) Calculated band dispersion for Li,Pd;B
and Li2Pt3B.
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FIG. 7. (Color online) Band splitting around the R point assuming
Pt (Pd) occupies all the M sites. The horizontal axis x means that the
crystal structure data for Li,(Pd,_, Pt,);B are used in the calculation.
The curves are guides to the eyes.

y and a reported in Ref. 13. It is found that both « and l’{;
show an abrupt reduction above x = 0.8.

The band calculation indicates that such an abrupt change
in the local crystal structure as to increase the extent of
the inversion-symmetry breaking abruptly enhances the SOC.
Figure 6 shows the electronic band structure for Li,Pd;B
and Li,Pt3B, using the crystal structure data obtained in this
work,? which is in agreement with that reported previously.>?
As shown in Fig. 6, the energy bands with SOC are quite
complex. Both the splitting due to SOC near E around the
R and X points are strong. However, only one of SOC-split
bands around X point crosses Er while the two of SOC-split
bands around the R point cross E . Thus, in order to simply
analyze the effect of SOC splitting, below we choose the SOC
splitting around R as a typical one.

We iterated the calculation for all compositions x using the
lattice parameter and the ionic positions for each x obtained
from the Rietvelt analysis but assuming that all M sites are
occupied by Pt. The resulting band splitting around the R point
along the R-X direction, as marked by the circle in Fig. 6(b),
is shown in Fig. 7 by solid circles. Then we performed the
same calculation assuming that all M sites are occupied by
Pd. In this case, it is the bands around the R point but along
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the R-T" direction, as marked by the dashed circle in Fig. 6(a),
that show a pronounced x dependence (squares in Fig. 7). In
both cases, the splitting increases abruptly at x = 0.8. Also,
the eight-degenerate band at the R point around £ = 0.2 eV
is split into a twofold band and a sixfold band, forming a
gap between them.”> That gap also shows an abrupt increase
at x = 0.8.%° This result clearly indicates that, although Pt
plays an important role as seen by the difference between the
data shown by circles and squares in Fig. 7, the distortion of
the B(Pt,Pd)¢ octahedron is more effective in enhancing the
SOC, which is called the asymmetric SOC in some literatures.
Since the mixing of the spin-singlet and spin-triplet states is
determined by the strength of the SOC,"? the experimental
results can be understood as that the asymmetric SOC for
x > 0.84 is so large that the spin-triplet state with line nodes
becomes dominant. Although the recently discovered NCS su-
perconductors contain heavy elements such as Pt, Re, or Ir,'$-2
they lack the structural element found here for x > 0.84. This
appears to be the reason why those NCS materials exhibit
conventional superconducting properties. Finally, previous
measurements on Liy(Pdy sPtys)3B by uSR (Ref. 17) and the
upper critical field*® highlighting the s-wave gap character-
istics are consistent with the present results. On the other
hand, some extent of mixing of the spin-triplet component
was suggested by analyzing the specific heat'® and penetration
depth34 data on Li,(PdgsPtys);B. In this regard, theoretical
and experimental means to estimate quantitatively the mixed
spin-triplet component from the NMR data are desired.

In conclusion, we have studied the evolution of the
superconducting state in Liy(Pd;_,Pt,);B by NMR. We find
that the pairing symmetry changes drastically at x = 0.8. For
x < 0.8, the materials are in a predominantly spin-singlet state.
However, for x > 0.8, unconventional properties due to the
mixing of the spin-triplet state appear. The change is caused
by an abrupt enhancement of the asymmetric SOC due to
an increased distortion of the B(Pd,Pt)¢ octahedral units. Our
results indicate that, in addition to a large Z, the structure
distortion as to increase the extent of inversion-symmetry
breaking is another important, and more effective, factor to
increase the mixing of the spin-triplet state.
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