Uniform electronic states and s-wave superconductivity in a strongly disordered
high-entropy compound (Ru,Rh,Pd,Ir),¢Ptq4Sb

Yufu Yamada,! Shunsaku Kitagawa,' * Taishi Thara,' Kenji Ishida,’
Naoto Uematsu,? Daigorou Hirai,? and Koshi Takenaka?

! Department of Physics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan
2Department of Applied Physics, Nagoya University, Nagoya 464-8603, Japan
(Dated: July 16, 2025)

High-entropy compounds, where multiple elements occupy a single crystallographic site in a highly
disordered manner, challenge conventional understandings of electronic structure based on periodic-
ity and well-defined band dispersion. Here, we report a detailed nuclear magnetic resonance study of
the high-entropy superconductor (Ru,Rh,Pd,Ir)o.¢Pto.4Sb, revealing a spatially homogeneous elec-
tronic environment in the normal state, in stark contrast to its crystallographically disordered lattice.
The superconducting state exhibits a small but solid Hebel-Slichter coherence peak followed by a
significant decrease in the nuclear spin-lattice relaxation rate, providing compelling evidence for
fully gapped s-wave pairing. Our findings not only deepen the understanding of superconductivity
in highly disordered quantum materials but also open a new pathway for exploring novel supercon-

ducting states in entropy-stabilized systems.

High-entropy compounds (HECs) are materials in
which five or more elements are randomly distributed
on a single crystallographic site [1-4]. Unlike conven-
tional materials, where the lowest enthalpy phase is en-
ergetically preferred, HECs stabilize alternative crystal
structures through high configurational entropy at high
temperatures [5-7]. These structures can be retained
as metastable phases at lower temperatures, leading to
novel physical and chemical properties. One of the most
remarkable aspects of HECs is the emergence of unprece-
dented crystal structures that are otherwise inaccessible
in conventional materials [2]. Furthermore, the com-
plex multi-elemental composition gives rise to the so-
called “cocktail effect”, which can induce unconventional
electronic, magnetic, and superconducting (SC) proper-
ties [8-11]. In superconductors, HECs exhibit unique fea-
tures such as significantly enhanced upper critical fields
(H.2) and robustness against pressure [12-20]. However,
the microscopic mechanisms underlying these phenom-
ena remain largely unexplored. A major challenge in
understanding the electronic properties of HECs arises
from their inherent atomic disorder. The random oc-
cupancy of multiple elements on a single site makes it
difficult to define a periodic unit cell, thereby compli-
cating conventional band structure analyses [9, 21, 22].
As a result, fundamental questions regarding the nature
of the electronic states in HECs remain unresolved. De-
spite growing interest in these materials, detailed micro-
scopic investigations, particularly of their electronic and
SC properties, are still lacking.

Recently, some of the authors discovered a new high-
entropy superconductor, (Ru,Rh,Pd]Ir);_.Pt,Sb [25].
The parent compound PtSbh, crystallizes in a hexago-
nal NiAs-type structure and exhibits superconductivity
with a transition temperature of 7, = 2.1 K. Upon
partial substitution of Pt with platinum-group transi-
tion metals, (Ru,Rh,Pd,Ir);_,Pt,Sb retains the NiAs-
type structure [Fig. 1(a)] across all compositions, in con-
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FIG. 1. (a) Crystal structure of (Ru,Rh,PdIr);_,Pt.Sb

drawn by VESTA [23]. Ru, Rh, Pd, Ir and Pt atoms are
randomly distributed on the Pt sites. (b) z—T" phase diagram
of (Ru,Rh,Pd,Ir);_,Pt,Sb [24]. Two superconducting phases
are separated at z = 0.7. (c¢) H-T phase diagram of PtSb
and (Ru,Rh,Pd,Ir)o.6Pto.4Sb determined by ac susceptibility
measurements. Dashed curves are guides for the eye.

trast to related compounds such as RhSb, which adopt
a distorted MnP-type structure [24]. Interestingly, as
shown in Fig.1(b), the SC transition temperature of
(Ru,Rh,Pd,Ir); _,Pt,Sb exhibits a non-monotonic evo-
lution with composition z, forming a SC dome with a
peak at © = 0.4 (T, = 3.1 K) [24]. However, specific
heat measurements suggest that the electronic density
of states and Debye temperature do not follow the same
trend, implying a possible unconventional SC mechanism
driven by high-entropy effects [24].



In this paper, to gain deeper insight into the elec-
tronic and SC properties of (Ru,Rh,Pd,Ir) ¢Pt.4Sb, we
conducted a comprehensive study using nuclear mag-
netic resonance (NMR) and nuclear quadrupole reso-
nance (NQR) spectroscopy. These techniques provide
powerful probes of both normal and SC states from
the microscopic point of view. Our results reveal that,
despite the significant atomic disorder, the electronic
state remains spatially homogeneous. Moreover, in
the SC state, we observed a small but solid coherence
peak, suggesting a full-gap s-wave superconductivity in
(Ru,Rh,Pd,Ir)g 6Ptg.4Sb. Our findings provide essential
insights into the unconventional SC properties of HECs
and contribute to a broader understanding of this emerg-
ing class of materials.

Polycrystalline samples of PtSb and
(Ru,Rh,Pd,Ir)p ¢Pto4Sb were prepared using the
conventional solid-state reaction [25]. The XRD peak
widths of (Ru,Rh, Pd,Ir)p¢Pto.4Sb are nearly identical
to those of PtSb [24]. This indicates that, in contrast
to the random occupancy of multiple elements at the
Pt site, the distribution of lattice constants is relatively
small. Tt in each sample was determined with ac suscep-
tibility measurements. The 12!Sb (nuclear spin I = 5/2,
gyromagnetic ratio 12ty /27 = 10.189 MHz/T, nuclear

electric quadrupole moment '2'Q = —0.543 x 10~2%
m?)-, 128b (I = 7/2, ¥34/2r = 5.5175 MHz/T,
1230 = —0.692 x 1072® m?)- and %Pt (I = 1/2,

195+ /2 = 9.153 MHz/T)-NMR measurements were per-
formed with a conventional spin-echo technique [26, 27].
The NMR/NQR spectra as a function of the mag-
netic field (frequency) were obtained using the Fourier
transform of a spin—echo signal observed after a radio-
frequency pulse sequence at a fixed frequency (magnetic
field). The magnetic field was calibrated using a %3Cu
(53~/2m = 11.285 MHz/T)-NMR signal with the Knight
shift Ky = 0.2385% from the NMR coil [28]. The
Knight shift and full width at half maximum (FWHM)
were determined by the peak position and width at the
half-maximum value of the NMR spectrum, respectively.
A nuclear spin-lattice relaxation rate 1/T} was evaluated
by fitting the relaxation curve of the nuclear magneti-
zation after the saturation to a theoretical function for
the nuclear spin I = 1/2, which is a single exponential
function, and that for I = 5/2.

To understand the effects of high-entropy alloying on
superconductivity, we first compare the SC phase dia-
grams of PtSb and (Ru,Rh,Pd,Ir)q ¢Pto.4Sb. Figure 1(c)
shows the magnetic field-temperature (H-T) phase di-
agrams determined by ac susceptibility measurements.
While the upper critical field H.o of PtSb is relatively
small (~ 0.1 T), that of (Ru,Rh,Pd,Ir)q ¢Pto.4Sb reaches
1.4 T, approximately 15 times larger, which is consistent
with the previous report [24]. This enhancement is at-
tributed to the reduction of the mean-free path | due to
atomic disorder, which effectively shortens the coherence
length. In the orbital limit case, H¢s is described as [30],
poHeo = %, where @ is the flux quantum, and ¢ is
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FIG. 2. Field-swept NMR spectrum of PtSb (a) and
(Ru,Rh,Pd,Ir)o.6Pto.4Sb (b) measured at 4.2 K and 85.01
MHz. Numerical simulation assuming a 3:1 ratio between
the c-axis aligned and randomly oriented components is also
plotted (See the Supplementary Materials [29]). (c)'*'/'?*Sh
NQR spectrum in PtSb at 4.2 K. The spectrum can be repro-
duced by 121, . =5.83 MHz, 123), . = 3.51 MHz and n=0.

the SC coherence length. Using this equation, we esti-
mate that the effective coherence length g is 57 and 15
nm for PtSb and (Ru,Rh,Pd,Ir)osPto.4Sh, respectively.
In the dirty limit, &g can be described as, o = /Eol,
where £ is the SC coherence length in the clean limit.
Assuming & is the same as & in PtSb, [ can be esti-
mated to be 3.9 nm, which is one order of magnitude
longer than that deduced from transport measurements
(0.5 nm) [24]. This discrepancy is not fully understood
and may reflect the complex nature of disorder and scat-
tering processes in high-entropy systems, which warrant
further investigation.

To examine the electronic states in
(Ru,Rh,Pd,Ir)p 6Ptp.4Sb, we performed NMR mea-
surements.  Figures 2 (a) and (b) show the NMR
spectrum of PtSb and (Ru,Rh,Pd,Ir)g ¢Pto.4Sb at 4.2 K,
respectively. The wide-range signal comes from 2!Sb-
NMR, while the sharp peak at ~ 9.3 T corresponds to
the Pt signal. In PtSb, the '2!Sb NMR spectrum
consists of five well-defined peaks, indicating a uniform
electric and magnetic environment. However, the NMR
spectrum cannot be explained by the NQR parameters
(12'y,, = 5.83 MHz and n = 0) estimated from the NQR
spectrum shown in Fig. 2(c). This discrepancy arises
from the sample alignment induced by the magnetic
field. To evaluate the degree of alignment, we performed
numerical simulations of the NMR spectrum, as shown
in the Supplementary Materials [29]. As shown in Fig. 2
(a), the experimentally observed NMR spectrum is
well reproduced by a simulated spectrum (red curves)
assuming a 3:1 ratio between the c-axis aligned and
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FIG. 3. Temperature dependence of PtSb and (Ru,Rh,Pd,Ir)o.6Pto.4Sb for **!Sb NMR/NQR (a), '**Sb NMR/NQR (b), and
195py NMR (c). As the signal intensity of the 1238hH NMR in (Ru,Rh,Pd,Ir)o.6Pto.4Sb is weak, measurements were performed

only at a single temperature. Dashed lines are guides for the eye.

(d) K dependence of square root of 1/T1T together with

195py NMR spectrum at 2.8 K and 0.5 T on (Ru,Rh,Pd,Ir)o.¢Pto.4aSb. We also plotted the data of PtSb. The dashed line

represents the result of linear fitting.

randomly oriented components. This result indicates
that the magnetic easy axis is parallel to the principal
axis of the electric field gradient (c-axis).

In contrast to the well-defined '2!Sb NMR spectrum
in PtSb, that of (Ru,Rh,Pd,Ir)q ¢Pto.4Sb exhibits a sin-
gle broad peak, suggesting that the electric field gra-
dient at the Sb nuclei is highly inhomogeneous due to
the random occupancy of multiple elements at the Pt
site. However, the Pt NMR spectrum remains rela-
tively sharp, although slightly broadened compared to
PtSb [FWHM at ~ 9.3 T is 7 and 35 mT for PtSb
and (Ru,Rh,Pd,Ir)g¢Pto.4Sb, respectively]. Note that
the FWHM scales with the applied magnetic field and
becomes sharper at lower fields (FWHM at 0.5 T is
2.5 mT). Similar or even broader Pt NMR spectrum
has been reported in other Pt-containing superconduc-
tors [31, 32], supporting that (Ru,Rh,Pd]Ir);_,Pt,Sb
maintains a macroscopically uniform electronic state.
1218h has a nuclear spin I > 1 and is affected by electric
quadrupole interactions, while Pt has I = 1/2 and is only
affected by magnetic interactions. Therefore, this obser-
vation indicates that despite structural inhomogeneity,
the electronic state in (Ru,Rh,PdIr)o¢Pto.4Sb is spa-
tially uniform across the sample. The nuclear spin-lattice
relaxation rate 1/T} also provides evidence for electronic
uniformity, as shown in Fig. S2 [29].

Figures 3(a)—(c) show the temperature dependence
of 1/T\T for '/1238Hh.-NMR/NQR and '9°Pt-NMR.
In both cases, 1/T1T remains constant in the nor-
mal state, indicating a Fermi liquid ground state even
in highly disordered systems. In conventional met-
als, 1/T1T is proportional to the square of the den-
sity of states at the Fermi level D(Er). However, in
(Ru,Rh,Pd,Ir) 6Pt 4Sb, 1/TWT for Pt increases while
that for Sb decreases compared to PtSb. This sug-
gests that 1/T0T is not simply governed by D(FEr),
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FIG. 4. Temperature dependence of Knight shift K at 0.5 T
(a), normalized 1/T1T at 0.24 and 0.5 T (b), xac at 0.24 and
0.5 T (c) for (Ru,Rh,Pd,Ir)o.6Pto.4Sb. We also plot the data
of PtSb for comparison. The dashed lines indicate Tcs. The
dashed curves are the guide for the eyes.

but is influenced by additional factors, such as the lo-
cal distribution of D(Er) and quadrupolar interactions
unique to high-entropy compounds. Here, the ratio



21 /TyT)/*23(1/ThT) is ~ 3.3 for PtSb and ~ 4 for
(Ru,Rh,Pd,Ir)p.¢Pto.4Sb, which is close to the value of
(121y/123~)2 = 3.41. This indicates that the relaxation
process is predominantly governed by magnetic interac-
tions.

To estimate the spin component of the Knight shift, we
examined the correlation between the 1% Pt-NMR Knight
shift and the nuclear spin-lattice relaxation rate divided
by temperature, 1/T4T. Figure 3(d) displays /1/T3T
as a function of the Knight shift K = (f — fo)/fo at
2.8 K, where fy denotes the reference frequency. A linear
increase of \/1/T1T with increasing K is clearly observed.
In general, the Knight shift can be expressed as

K= Kspin+KOa (1)

where Kgpin denotes the spin contribution, and Ky is
the temperature-independent component of the Knight
shift. In conventional metals, Kpin is proportional to
the spin susceptibility, which in turn scales with the den-
sity of states at the Fermi energy D(Er). The observed
linear relationship between /1/T1T and K thus implies
that the variation in 1/77T originates from changes in
D(Er) at the 9Pt site. Remarkably, when the 1/74T
value at the PtSb peak is plotted on the same graph,
it falls on the same linear trend, indicating a consis-
tent relationship. These findings suggest that D(Er) in
(Ru,Rh,Pd,Ir)p.6Pto.4Sb is 6% larger than that in PtSb,
even though the residual electronic specific heat coefli-
cient remains unchanged. This enhancement of D(FEr),
together with a 10% increase in the Debye frequency and
a stronger electron-phonon coupling inferred from the
specific heat jump [24], is likely a key factor contributing
to the increase in T, in (Ru,Rh,Pd,Ir)g ¢Pto.4Sbh. From
the linear extrapolation of the 1/1/T4T vs. K plot, the
Knight shift corresponding to /1/ThT = 0 yields Ky =
—2.3%. The origin of this large negative Ky remains un-
clear. Typically, Ky is associated with the orbital contri-
bution to the Knight shift K,,,, which is positive in most
metallic systems. However, negative values of K1, have
been reported in Dirac electron systems, where they arise
from interband topological effects [33, 34]. The presence
of topological bands has been discussed in other high-
entropy superconductors [18], and future band structure
calculations are highly anticipated. The observed large
negative Ky thus indicates an anomalous orbital suscep-
tibility, possibly influenced by topological band structure
or strong spin-orbit coupling.

We now focus on the SC state. Figure 4 (a) shows the
temperature dependence of the Knight shift in the SC
state of (Ru,Rh,Pd,Ir)o.¢Pto.4Sb. Below T, the Knight
shift decreases by 0.08%, which is significantly smaller
than the estimated spin component Kgpin = K — Ko =
2.4%. This suggests that spin susceptibility remains
nearly unchanged in the SC state.

In term of 1/71T in the SC state, we observed a clear
coherence peak just below T, in zero-field NQR mea-
surements of PtSb, as shown in Fig. 4(b). The peak
reaches nearly twice the normal-state value, which is a

T T
X '2'Sb NQR for PtSb :
1238b NQR for Ptsb r
[ 'SPtNMR (0.5T)
1 for (RuRhPdIr)g gPtg 4Sb
L
/'\1
= 01f E
~
~
=
=
~
Z
0.01 E
0.001
0.01 0.1 1

TIT,

Cc

FIG. 5. 1/T1 normalized by the value at T. plotted against
T/T. for PtSb and (Ru,Rh,Pd,Ir)o.6Pto.4Sb. The numerical
calculation using the BCS theory is shown as the solid curves.

hallmark of conventional s-wave superconductivity. On
the other hand, in (Ru,Rh,Pd,Ir)y¢Pto.4Sb, the coher-
ence peak becomes smaller. Noteworthy that the tem-
perature at which 1/77T starts to decrease is signifi-
cantly lower than T, determined from the ac suscepti-
bility shown in Fig. 4(c), suggesting the presence of a
coherence peak. The suppression of the coherence peak
is likely due to the magnetic field effect [35-37]. Actu-
ally, as shown in Fig. 4(b), the value of 1/T1T just below
T. increases at lower fields (0.24 T), suggesting that the
peak of coherence is partially recovered. With further
decreasing temperature, 1/TT drastically decreases and
saturates below 0.4 K, indicating the presence of mag-
netic field-induced residual quasiparticle states [37].
Here, we evaluate 1/T) in the full-gap SC state. We
observed a coherence peak just below T.. Conventionally,
the presence of a coherence peak is considered evidence of
full-gap s-wave superconductivity. We fitted the normal-
ized 1/T4T using the equation deduced from the BCS
model [38] (See Supplementary Materials [29]). Here,
A(0) and 0 are the size of the SC gap and a gap smear-
ing factor, respectively. The results for the full-gap fitting
with/without coherence factor are shown as solid curves
in Fig. 5. The 1/T3 behavior of PtSb is well described by
the conventional BCS parameter with A(0)/kpT, = 1.76,
including the coherence factor. In contrast, the 1/7} data
of (Ru,Rh,Pd,Ir)y.¢Pto.4Sb are almost reproduced using
the parameters A(0)/kpT. = 2.1 and 6/A(0) = 0.5, as-
suming a 30% residual density of states and excluding the
coherence factor. The 30% residual density of states al-
most corresponds to the field-induced density of states at



H/H. = 0.36. In addition, the external magnetic field
suppresses the coherence factor in the 1/7y [36]. The s-
wave nature of the superconductivity is consistent with
the weak pair-breaking effect even in a highly disordered
state, as expected from the Anderson theorem [39]. The
extracted SC gap size at x = 0.4 is larger than the weak-
coupling BCS value of 1.76 and is consistent with the
large specific heat jump AC/yT, ~ 2.3 [24].

Next, we discuss the implications of the reduced
Knight shift in the SC state. The total Knight shift re-
duction consists of two components: spin susceptibility
suppression Kqp,in and SC diamagnetic effects Kqi. Mag-
netic field dependence of Ky, is described as [40, 41],

HC2 IH(IEZ)
e 100 (%), (2)

Kjia =—(1—N)

where N (= 1/3) is the demagnetization factor, Kk = A/
is the Ginzburg-Landau parameter, and X is the mag-
netic penetration depth. Given that the SC parameters
of (Ru,Rh,Pd,Ir)g¢Pto.4Sb are not fully established, a
precise estimation is challenging. However, if we assume
that the observed 0.08% reduction is entirely due to SC
diamagnetism, we estimate x ~ 30, leading to a penetra-
tion depth A ~ 450 nm. These values are reasonable for
typical type-II superconductors [42, 43].

The minimal spin susceptibility reduction raises the
possibility of spin-triplet superconductivity [44-49].
However, given the presence of a small but finite coher-
ence peak and the high-entropy nature of the system, a
more plausible explanation is strong spin-orbit scatter-
ing. In systems with large spin-orbit coupling, impurity
scattering can mix spin up and down states, preventing
spin susceptibility suppression even in spin-singlet super-
conductors [50]. This scenario is consistent with the ob-
served insensitivity of 7, to nonmagnetic impurities, a
characteristic feature of s-wave superconductors.

Regardless of the pairing symmetry, the fact that the
spin susceptibility remains nearly unchanged in the SC
state suggests that Pauli paramagnetic limiting is inef-
fective [41, 51, 52]. The robustness of superconductivity
against external magnetic fields is a key feature of high-
entropy superconductors and warrants further theoretical
and experimental investigation.

In this study, we investigated the normal and
SC states of the high-entropy superconductor
(Ru,Rh,Pd,Ir)p.6Ptp.4Sb using NMR and NQR spec-
troscopy. Despite the inherent atomic disorder, we found
that the electronic state in (Ru,Rh,PdIr);_,Pt,Sb

remains spatially uniform, as evidenced by the relatively
sharp Pt NMR spectrum. This suggests that, even
in a system where multiple elements are randomly
distributed over a single crystallographic site, a macro-
scopically homogeneous electronic state can be realized.
In contrast, the Sb NMR spectrum exhibits significant
broadening, reflecting inhomogeneities in the local
electric field gradient due to the presence of multiple
elements.

The SC properties of (Ru,Rh,Pd,Ir)g Pt 4Sb exhibit
several intriguing characteristics distinct from those of
conventional superconductors. The upper critical field
H_s is significantly enhanced compared to PtSb, which
can be attributed to the reduced coherence length re-
sulting from enhanced nonmagnetic impurity scattering.
Although the observed Hebel-Slichter coherence peak of
1/Ty in (Ru,Rh,Pd,Ir);_,Pt,Sb strongly supports fully
gapped s wave superconductivity, the high entropy na-
ture of the system may still offer fertile ground for un-
conventional phenomena such as inhomogeneous pairing
or spin-triplet admixture. Further studies are required
to explore these possibilities.
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Results and discussion
NMR spectrum simulation

For the NMR measurements, we applied magnetic
fields to lift the nuclear spin degeneracy. The total ef-
fective Hamiltonian could be expressed as,

__T .
H=—o h(l+K)I-H

hv,,

=+ {(313—12)+;n(ﬁ+12)}7 (1)

where v is nuclear gyromagnetic ratio, h is Planck’s con-
stant, K is the Knight shift, H is an external field, v,, is
the quadrupole frequency along the principal axis of the
electric field gradient (EFG) (c-axis), and is defined as
v,, = 3e2qQ/2I(21 — 1) with eq = V., and 7 is an asym-
metry parameter of the EFG expressed as (Ve —Vyy)/ Va2
with V., which is the second derivative of the elec-
tric potential V' and is the EFG along the a direction
(a = z,y, z,). To obtain a resonance field, we diagonalize
eq.(1). The *1Sb-NQR parameters (1?'v,, = 5.83 MHz
and 7 = 0) are estimated from the experimentally ob-
tained NQR spectrum. As the NMR spectrum is shifted
against the angle between the principal axis of the EFG
and magnetic field direction, the sum of the spectrum for
all angles is observed in the case of powder samples. As
shown in Fig. S1, the experimental 2! Sb-NMR spectrum
cannot be explained by a simulation with randomly ori-
ented powder samples. For a better reproduction of the
spectrum, we assumed that a portion of the sample is
aligned to the c-axis following a Gaussian distribution,
while the remaining part is randomly oriented. As a re-
sult, the experimental spectrum is well reproduced by
a simulated spectrum assuming a 3:1 ratio between the
c—axis—aligned component (with a Gaussian width of 5°)
and the randomly oriented component.

Typical nuclear spin-lattice relaxation curve

The nuclear spin-lattice relaxation rate 1/T7 provides
evidence for electronic uniformity. Figure S2 shows a typ-
ical relaxation curve obtained from T; measurements. In
(Ru,Rh,Pd,Ir)g 6Ptg.4Sb, the relaxation is well described
by a single 77 component, confirming the homogeneous
nature of the electronic state.

PtSb 4.2 K 85.01 MHz

m T T T T
’é’ - simulation a
S ﬂie—axis aligned + randomly oriented)
o
& A L Jt A
2
‘@
3 A N
c
o simulation
= /_,;/\_/\ (randomly oriented)
= 1 : 1 : 1 :

7 8 9

HoH (T)

FIG. S1. NMR spectrum of PtSb measured at 4.2 K and
85.01 MHz (middle), together with a numerical simulation
of 1218b NMR spectrum assuming randomly oriented powder
samples (bottom) and that assuming a 3:1 ratio between the
c-axis aligned and randomly oriented components (top).
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FIG. S2. Typical relaxation curve of (Ru,Rh,Pd,Ir)o.¢Pto.4Sb.
Measurement conditions are described in each panel. The
dashed lines or curves represent the fitting results of a single
Th component.

T; simulation in the superconducting state

We observed a coherence peak just below T.. Conven-
tionally, the presence of a coherence peak is considered
evidence of full-gap s-wave superconductivity. Consider-
ing the full-gap superconductors, the normalized nuclear



spin-lattice relaxation rate is described as

T 2
/Ty, kT J,

oodE N2(E) {1 + |A](ET2)|T

x f(E)[1=f(E)], (2)

where 1/T1, (1/Tis) is 1/T7 in the normal (SC) state,
N(FE) is the normalized quasi-particle DOS in the SC
state, A(T) is the T dependent SC gap, and f(F) is
the Fermi distribution function. We fitted the 1/T0T

using eq. (2) deduced from the BCS model

[1].

The

smearing of Ng(F) by the effect of the energy broadening
was implemented by the convolution with a rectangular
broadening function, whose width and height are 2§ and
1/24, respectively.
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