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Superconductivity of the ternary boride Li,Pd;B probed by B NMR
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We report a*'B NMR measurement on the recently discovered superconductBodH. The nuclear spin
lattice relaxation rate I; shows a well-defined coherence peak just belgitd=1.46 T)=5.7 K, and the spin
susceptibility measured by the Knight shift also decreases b&loWwhese results indicate that the supercon-
ductivity is of conventional nature, with an isotropic gap. Our results also suggest thmetaetrons of boron
and thed-electrons of palladium that hybridize with borgmelectrons are primarily responsible for the
superconductivity.

DOI: 10.1103/PhysRevB.71.220505 PACS nuni®er74.70.Dd, 76.60.Cq

Since the discovery of high temperature superconductivityrhe T, is about 7.1 K at zero magnetic field. A standard
in copper oxides,compounds containing transition metal el- phase-coherent pulsed NMR spectrometer was used to col-
ements have become targets for searching new stronglfect data. The NMR spectra were obtained by fast Fourier
correlated superconductors. In fact, superconductivity wagansform(FFT) of the spin echo taken at a constant mag-
d|s_covered in the cobalt oxide NgCo_OZ- 1.3H0 (R?f- 2, netic field of 1.4629 T. The nuclear spin-lattice relaxation
which was found to be of unconventional nature with strong, 5t 11T,, was measured by using a single saturation pulse

electron correlations in the normal stétéleanwhile, the 54 fitting the recovery of the nuclear magnetization after the
discovery of superconductivity at 40 K in MgBRef. 4 has saturation pulse

generated recurred interest on the physical properties of Figure 2 shows the spectrumB 10 K. The full width at

borlde_s. Very recently, Togar_le'_t al. found that the terna_ry the half maximumFWHM) of the NMR line is less than 5
T ietieuemedi L Ioalladlum’kHz The very sharp transition ensures the high quality of the
Li,PdB, is superconducting &~ 7 K (Ref. 5. This com- : y p gh quality

pound has a cubic structure with the space group aBR4 _sam_ple. The temperature dependence of the FWHM is shown
containing a distorted RB octahedra, which is structurally " Fig. 3. It can be seen that the spectrum broadens below
similar to the superconductor MgCNiT.=8 K) (Ref. § T (H:_1.46 'D_:5.7 K, at which temperature both T/ and
and in some sense also similar to the higheopper oxides the Knight shift shows anomalisee below.
where the key structure is the oxygen-containing octahedra, Figure 4 shows the temperature dependence .1l
Although the physical properties of this new compound ardhe normal state abovk, 1/T, varies in proportion tdl, as
unexplored, it has been proposed that the correlations of Pg€en in conventional metals. Just beloy(H=1.46 1)
d-electrons may be dominant in the electronic properties an&5.7 K, however, 1T; increases a3 is reduced, showing a
may also be responsible for the superconducti®/®and cal-  coherence peak, then decreases exponentially upon further
culation has shown that Pd-electrons contribute signifi- lowing T. This is the characteristic afwave, isotropic su-
cantly to the density of states at the Fermi Ie¥el. perconductivity. The 1T in the superconducting state is

In this Rapid Communication, we report the firslB  expressed as
nuclear magnetic resonand®MR) measurement in the
superconducting and the normal states. We find that the su-
perconductivity is of Bardeen-Cooper-SchrieffBCS) type 0.3
with an isotropic energy gap. In the normal state, the T
temperature(T) dependencce of the nuclear spin-lattice
relaxation rate 1T, and the Knight shift due to spin suscep-
tibility, Kg satisfies the so-called Korringa relation,
TlTK§=const, with no signature of electron correlations. Our
results suggest that the superconductivity inpPkB is
phonon-mediated.

The samples were prepared by the arc-melting method
with starting materials of L{99.9% purity, Pd(99.95% and
B (99.5%. The two-step arc melting procéssas used. The
starting melt composition of Li:P®=2.1:3:1 wasadopted -1 : ‘ : : :
in the light of high vapor pressure of Li. The x-ray diffrac- T(K)
tion chart shows that the sample is single phase. For NMR
measurements, the sample was crushed into powder. Figure 1 FIG. 1. The ac susceptibility measured using the NMR coil for
shows the ac susceptibility measured using the NMR coilLi,Pd;B at zero magnetic field.
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ac susceptibility (arb. unit)
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FIG. 2. The Fourier transformedB NMR spectrum measured T(K)

atT=10 K at a magnetic field off=1.4629 T. FIG. 4. (Color online The temperature dependence of the spin

lattice relaxation rate, T;, measured at a field dfi=1.4629 T.
The straight line abovéd, represents th@;T=const relation. The
2 2 _ c
f (N(E)*+ MJ(E))F(E)(1 - f(E))dE, solid curve belowT, is a calculation assuming the BCS gap func-
1 tion with the parameter shown in the figure. For details, see the text.

where Ny(E)=NyE/(E?-A?)Y? is the superconducting den-  Figure 5 shows the Knight shifk, as a function of tem-
sity of states(DOS) with A being the BCS gapM4(E) perature. The shift is small an@-independent within the
=NoA/(E?-A?)*? is the anomalous DOS due to the coher-experimental error in the normal state, but changes abruptly
ence factof, N, is the DOS in the normal state ari¢E) is at T. where 1/T; shows the coherence peak. Note that the
the Fermi function. BotiM((E) andN4(E) diverge atE=A, change is positive, namelif increases below .. The shift
so theoretically 1T, diverges just belowl.. In real materi- May be expressed as,
als, however, broadening of the energy level and some an-
isotropy in the energy gap will remove the singularityEat -

: . K =Ko+ K, (2
=A so that 1T, only shows a peak just beloW. Following
Hebell® we convoluteMy(E) and Ny(E) with a broadening
function B(E) which is approximated with a rectangular
function centered & with a height of 1/2. The solid curve
below T, shown in Fig. 4 is a calculation with AZ0)
=2.XgT. andr =A(0)/ 6=2. It fits the experimental data rea- where K, is the contribution due to orbitalvan Vieck
sonably well. The parameterA20) is substantially smaller susceptibility which isT-independentAy; is the hyperfine
than the BCS value of 3gT(H). This could be due to the coupling constant ang is the spin susceptibilitjKs may be
effect of the magnetic field, which usually reduces the gamlecomposed into

T(T=T) 2
Tis keTe

Ks= Antxs, ©)
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0 10 20 30 40 50 FIG. 5. (Color online The temperature dependence of the
T (K) Knight shift measured at a constant field BHf=1.4629 T. The

straight line abovd is a guide to the eyes. The curve beldwis
FIG. 3. The temperature dependence of the full width at the halthe calculated result assuming a BCS gap with the same parameter
maximum (FWHM) of the B NMR spectrum. as in the calculation of;.
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Ks=Kep+ Ko, (4) 1B nuclear spins, respectively. The observed vaIuTéleK§

in the present case is 3.2110°7 sec-K, which is much
smaller than the Korringa constant. This result also supports
that the dominant electrons that participate in the relaxation
and the Knight shift ar@ electrons, in which case the excess
relaxation such as the orbital relaxation is important so that

where K¢, is the shift due to core polarization interaction
between the borop electrons and the nuclear spins, which is
negative, andK, is due to other interactions including the
usual Fermi contact interaction. The result tKatincreases
below T indicates thaK, is dominant oveiK,. Therefore, .
the DOS that decreases due to the onset of guperconductivi@e observed, TKS deviates fromi/ (4mkg)(ve/ m)*

are due to borop electrons, and/od electrons of palladium N summary, through the measurements & NMR, we
which hybridize with boronp electrons. If we assume that find that the spin-lattice relaxation rate Ty/in the newly

the spin susceptibility vanishes completely, due to singlefliscovered Pd-containing boride ;BidB exhibits a well-
pairing, atT=1.6 K which is well belowT,, thenK,, is  defined coherence peak just beldw and decreases expo-
about 0.085+0.003% anl.=-0.012+0.003%. The curve nentially with further decreasing temperature. The spin sus-

below T, depicts the calculated Knight shift in the supercon-Ceptibility as measured by the Knight shi€t also decreases
ducting state below T, suggesting a singlet spin pairing. In the normal

state, the Korringa relation, nameTMTngconst is obeyed,

sc . sc indicating the lack of electron correlations. Our results indi-
K™ xs ™~ f N(B)(@f(E)/IE)dE (5) cate that this compound is a superconductor with an isotropic
) o gap and that the superconductivity occurs in the absence of
using the same gap parameter as in Fig. 4. electron correlations.
Finally, when the electrons responsible for the spin lattice
relaxation and the Knight shift ares-electrons, TlTK§ We thank T. Kato and K. Matano for assistance in some of

=h/(4mkg) (el Yn)?=2.55X 107° sec- K(Korringa constant ~ the measurements. This work was supported in part by a
where y, and yy are the gyromagnetic ratio of electron and Grant-in-Aid for Scientific Research from MEXT.
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