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We have performed % Cu nuclear-magnetic-resonance/nuclear-quadrupole-resonance measurements to investi-
gate the magnetic and superconducting (SC) properties on a “superconductivity dominant” (S-type) single crystal
of CeCu,Si,. Although the development of antiferromagnetic (AFM) fluctuations down to 1 K indicated that the
AFM criticality was close, Korringa behavior was observed below 0.8 K, and no magnetic anomaly was observed
above T. ~ 0.6 K. These behaviors were expected in S-type CeCu,Si,. The temperature dependence of the
nuclear spin-lattice relaxation rate 1/7; at zero field was almost identical to that in the previous polycrystalline
samples down to 130 mK, but the temperature dependence deviated downward below 120 mK. In fact, 1/7} in
the SC state could be fitted with the two-gap s.-wave model rather than the two-gap s,..-wave model down to
90 mK. Under magnetic fields, the spin susceptibility in both directions clearly decreased below T, which is
indicative of the formation of spin-singlet pairing. The residual part of the spin susceptibility was understood
by the field-induced residual density of states evaluated from 1/7,T, which was ascribed to the effect of the
vortex cores. No magnetic anomaly was observed above the upper critical field H,,, but the development of AFM

fluctuations was observed, indicating that superconductivity was realized in strong AFM fluctuations.
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I. INTRODUCTION

Since the discoveries of unconventional superconductivity
in heavy-fermion (HF) [1-4], organic [5,6], and cuprate
compounds [7-9], many studies have attempted to elucidate
the pairing mechanism of these superconductors. Identifying
the superconducting (SC) gap structure is one of the most
important issues since the SC gap structure is closely related to
the SC pairing mechanism. In particular, k-dependent pairing
interactions lead to non-s-wave symmetry in unconventional
superconductors. Among the HF superconductors, the pairing
symmetry of CeColns has been identified to be d,>_,2-wave
from field-angle-resolved experiments [10,11] and scanning
tunneling microscopy measurements [12]; thus the supercon-
ductivity is considered to be mediated by antiferromagnetic
(AFM) fluctuations, as in the case of the cuprate superconduc-
tivity.

The first HF superconductor discovered in 1979 [1],
CeCu,Si,, was also considered to be a nodal unconventional
superconductor since the SC phase was located on the verge of
the AFM phase. Moreover, the 7 dependence of the nuclear
spin-lattice relaxation rate 1/7), together with the absence
of a coherence peak [13—15] and the T>-like temperature
dependence of the specific heat [16] in the SC state, indicated a
line nodal SC gap in CeCu,Si,. Finally, a clear spin excitation
gap was observed in the SC state with inelastic neutron
scattering, suggesting that AFM fluctuations were the main
origin of superconductivity in CeCu,Si, [17,18]. The clear
decrease of the nuclear magnetic resonance (NMR) Knight
shift below 7 [19] and the strong limit of the upper critical field
H,, [20], plausibly originating from the Pauli-paramagnetic
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effect, indicated that the SC pairs were singlets. These results
were considered to be evidence of a d-wave gap symmetry
with line nodes in CeCu,Sis, such as a d,2_2- or d,,-wave.
One difficulty in studying CeCu,Sij, is that a stoichiometric
CeCu,Si; is located very close to a magnetic quantum critical
point, resulting in a ground state that is quite sensitive
to the actual stoichiometry [21,22]. After careful sample-
dependence experiments as well as experiments with chemical
(Ge substitution) and hydrostatic pressures, the ground state of
the stoichiometric CeCu,Si, was found to be the SC state
coexisting with an unusual magnetic state called an “A” phase
[14,23-25]. In this coexisting “A/S” sample, superconduc-
tivity expels the magnetic A phase below 7. and becomes
dominant at 7 — 0 [23]. The ground state of the A phase
was unclear for a long time. The ground state was revealed
by elastic neutron scattering with the A-type single-crystal
CeCu,Si; [26], and the nature of the A phase was shown to be
a spin-density-wave (SDW) instability from the observation of
long-range incommensurate AFM order. Thus, an SC sample
that does not show A-phase behavior is located at the Cu-rich
side, e.g., CeCuy,,Sip, which is called an “S”-type sample.
Another difficulty in studying CeCu,Si; is that large single-
crystal samples showing superconductivity were not available
before 2000, and thus most measurements were performed
on well-characterized polycrystalline samples. Consequently,
axial-dependent and angle-resolved measurements have not
been performed. However, large single crystals with well-
defined properties have been synthesized and have recently
been used for various experiments. In particular, recent
specific-heat measurements on an S-type CeCu,Si, single
crystal down to 40 mK strongly suggested that CeCu,Si;
possesses a full gap with a multiband character [27]. In
addition, the small H-linear coefficient of the specific heat at
low temperatures and its isotropic H-angle dependence under

©2017 American Physical Society


https://doi.org/10.1103/PhysRevB.96.134506

SHUNSAKU KITAGAWA et al.

a rotating magnetic field within the ab plane sharply contrast
the expected behaviors in nodal d-wave superconductivity.

In this study, we have performed ®Cu-NMR/nuclear
quadrupole resonance (NQR) measurements to investigate the
SC and magnetic properties of an S-type single crystal of
CeCu,Si;. As far as we know, this is the first NMR/NQR
measurement on a single-crystal CeCu,Si; down to 90
mK. Comparison between the NMR results of previous
polycrystalline and single-crystal samples is very important
to understand the nature of superconductivity in CeCu,Si,.
We found that the temperature dependence of 1/7; at zero
field was almost the same as that in previous polycrystalline
S- and A/S-type samples down to 130 mK, but it deviated
downward below 120 mK. The T dependence of 1/7] down
to 90 mK could be reproduced by the two-gap s.-wave and
the two-band d-wave model. Taking into account the recent
results of the field-angle dependence of the specific heat, the
two-gap s+-wave model is plausible. The Knight shift parallel
and perpendicular to the c-axis decreased in the SC state, in
good agreement with previous results. The magnitude of the
residual Knight shift was analyzed with the 1/7; result in
magnetic fields and was ascribed to the field-induced density
of states originating from the vortex effect. In addition, we also
investigated whether magnetic ordering was observed above
the upper critical magnetic field H., since this anomaly was
reported above H, with magnetoresistance and de Haas—
van Alphen measurements [28-30]. No magnetic ordering
was observed in the present S-type single crystal, but the
development of AFM fluctuations was observed.

II. EXPERIMENT

Single crystals of CeCu,Si were grown by the flux
method [22]. In the present NMR/NQR measurements, we
used high-quality S-type single crystals from the same
batch as those used in the specific-heat and magnetization
measurements [27,31]. A single-crystal sample was used for
NQR measurements without being powdered, and the NQR
results of the single crystal were compared with the previous
results measured in polycrystalline samples. Low-temperature
NMR/NQR measurements were carried out with a *He-*He
dilution refrigerator, in which the sample was immersed into
the *He-*He mixture to avoid rf heating during measurements.
The external fields were controlled by a single-axis rotator with
an accuracy better than 0.5°. The % Cu-NMR/NQR spectra (nu-
clear spin / = 3/2, and nuclear gyromagnetic ratio 3y /27 =
11.285 MHz/T) were obtained as a function of frequency in
a fixed magnetic field. The NMR measurements were done
at woH ~ 14 T (<poHe ~2 T) and ~3.5 T (>poHe).
The ®Cu Knight shift of the sample was calibrated by the
93Cu signals from the NMR coil. The ®*Cu nuclear spin-lattice
relaxation rate 1/7; was determined by fitting the time vari-
ation of the spin-echo intensity after saturation of the nuclear
magnetization to a theoretical function for I = 3/2 [32,33].

III. EXPERIMENTAL RESULTS

The inset of Fig. 1(a) shows the ®*Cu-NQR spectrum as a
function of frequency. When I > 1, the nucleus has an electric
quadrupole moment Q as well as a magnetic dipole moment;

PHYSICAL REVIEW B 96, 134506 (2017)

(a) o T T -T
e 715 63CeCuZSI2
@0y Cu-NQR
— ..----'.'- .
Y o34lE|T=18K | e |
2 g .
o <
[« >
>Z ‘% L [ )
5
o K
a
<733 34 36 ]
3.3 f o
150
(b) T
2
z
>
o i
kS
>
2
) 1
£
x
=
Z A L 1 L
14 1.6 1.8 2.0

HH (T)

FIG. 1. (a) Temperature dependence of ®*Cu-NQR frequency.
The dotted line is an empirical relation of vy (T) = v (0)(1 — aT??).
Inset: Frequency dependence of the ®*Cu-NQR spectrum at 1.8 K.
(b) Field-swept NMR spectrum at 4.2 K and f = 19.8 MHz for
H | c.

thus, the degeneracy of the nuclear-energy levels is lifted even
at zero magnetic field due to the interaction between Q and
the electric field gradient (EFG) V,, = eq at the nuclear site.
The electric quadrupole Hamiltonian H ¢ can be described as

6

where v,, is the quadrupole frequency along the principal
axis (c axis) of the EFG, defined as v.. = 3e*qQ/21(21 — 1)
with eq = V,,, and 7 is the asymmetry parameter of the EFG
expressed as (V,, — V,,)/ V.. with V,q, which is the second
derivative of the electric potential V along the « direction
(e = x,y,z). The parameter n should be zero at the Cu site
in CeCu,Si, because of the fourfold symmetry. The obtained
NQR frequency vngr = 3.441 MHz at 1.8 K was almost the
same as that in the polycrystalline samples. The full width at
half-maximum (FWHM) in the ®*Cu-NQR spectrum, which
depended on crystalline homogeneity, was 41 kHz and was
almost temperature-independent. The obtained FWHM was
broader than that in high-quality polycrystalline CeCu; 5Sis
(FWHM ~ 13 kHz) characterized as an A/S-type sample and
that in Ce; ¢o5Cu,Si, (FWHM ~ 26 kHz) characterized as an
S-type sample. The FWHM result indicated that the crystal
homogeneity in the present single-crystal sample was not as
good as that in the polycrystalline A/S-type CeCuy o5Si. This
is consistent with previous results that an S-type sample is
located at the Cu-rich region in the qualitative Ce-Cu-Si phase
diagram of CeCu,Si, [21].

As shown in Fig. 1(a), vnor increases with decreasing
temperature. The temperature variation of wngr followed
the empirical relation of vo(T) = vo(0)(1 — «T*?) down
to 50 K due to a thermal lattice expansion and/or lattice
vibrations [34-36] and deviated downward from the relation. A

HQ:ﬁ{(31§-12)+%n(li+13>}’ M

134506-2



MAGNETIC AND SUPERCONDUCTING PROPERTIES OF AN ...

—r r T r T 1
L Ce,,,Cu,, Si, ~T.
63
1.0 Cu-NQR OAOQQ_PVG@oan 7]
x GGOUD/’Q"
2 G:D o S
li ) /’ ///
~ Y/.
S ;o
-~ [@¢ ’
= o5l L
- °©i
— @ ig/ @ CeCu,sSi, (this work)
= @ v/ o Ce,_.CusSi (S)
:’ ’ 1.025 77212
= 5 / O CeCu,,Si, (A/S)
; .
OO // v CeDBBCUZ.OZSiZ (A)
I OOOO VV
0.0 _&WV"Y"‘. e e ]
0.0 0.5 1.0 1.5

T(K)

FIG. 2. Temperature dependence of the Cu-NQR intensity (/)
multiplied by 7, I(T)T, normalized by IT at 1.5 K for the
present single-crystal CeCu,Si,, and compared with the various
polycrystalline samples [14]. The dotted line indicates 7., and the
broken lines provide a guide to the eye.

similar temperature dependence has been observed in various
Ce-based filled skutterudites [37,38]. No clear change of v
was observed around 15 K, where the 4 f electron character
changed from a localized to an itinerant nature, as we discuss
later. This suggested that the Ce valence in CeCu,Si, did not
change when the HF state was formed at ambient pressure.

Figure 2 shows the temperature dependence of the
3Cu-NQR intensity (1) multiplied by T, I(T)T, which is nor-
malized by I T at 1.5 K for the present single-crystal CeCu,Si»,
compared to various polycrystalline samples [14]. The value
of IT decreases rapidly below 7. due to the SC shielding
effect of the rf field. As we reported in previous papers [14],
IT in the A and A/S-type samples decreased significantly
below about 1.0 K due to the appearance of the magnetic
fraction related to the A phase. On the other hand, the loss of
the NQR intensity in the S-type polycrystalline Ce ¢>5Cu;Sis
was small down to 7. Since the temperature dependence of
IT in the present single-crystal CeCu,Si, was similar to that
of the S-type polycrystalline Ce; p5Cu,Sis, the present single
crystal was also characterized as an S-type sample.

Figure 3 shows the temperature dependence of 1/7; of
the single-crystal CeCu,Si,, along with those of the poly-
crystalline S-type Cej g2sCu,Si; and A/S-type CeCuy o5Sis,
measured by ®*Cu-NQR. In the present single crystal, 1/}
was quite similar to 1/7; in the polycrystalline samples. In
all samples, 1/7; was almost constant at high temperatures
and started to decrease below T* ~ 15 K. Here, T* is defined
as the characteristic temperature of the Ce 4 f electrons. With
further cooling, 1/T,T in the single-crystal sample showed
almost constant behavior below 0.8 K. The formation of
the Fermi-liquid state above 7. is one of the characteristic
features of S-type samples. On the other hand, the A/S-type
sample showed that 1/7T continued to increase down to
T, accompanied by a gradual decrease of the NQR signal
intensity. These are the anomalies related to the A phase.
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FIG. 3. Temperature dependence of 1/ 7} measured with NQR on
the present S-type single-crystal CeCu,Si,. The NQR-1/T; results on
the polycrystalline S-type Ce; 05Cu,Si, and A/S-type CeCu, g5Sia
are also plotted [14]. The linear scale plot of 1/7;7T around T, is
shown in the inset.

In the SC state, 1/7; in all samples showed no clear
coherence (Hebel-Slichter) peak just below T¢, and 1/T; was
proportional to T3 at low temperatures down to 130 mK.
The T3 dependence of 1/ T; was consistent with the T-linear
dependence of C/T in the intermediate temperature range
between T, and 200 mK. Below 120 mK, 1/7; in the single-
crystal sample deviated downward from the 73 dependence,
which was consistent with the exponential behavior of C/T
in the temperature region between 50 and 200 mK [27].
Low-temperature 1/7; below 90 mK could not be measured
due to the limits of the refrigerator in our laboratory. A possible
gap structure will be discussed based on the temperature de-
pendence of 1/T in the single-crystal sample later in Sec. IV.

For the NMR measurement, we applied magnetic fields to
lift the degeneracy of the spin degrees of freedom, even though
the nuclear-energy levels were already split by the electric
quadrupole interaction. The total effective Hamiltonian could
be expressed as

H =Hz+Ho=—yh(1+ K)IH + Hyg, (2)

where K is the Knight shift and H is an external field. Four
nuclear spin levels were well separated, and we observed three
resonance lines for each isotope (**Cu and ®*Cu) as shown in
Fig. 1(b). Since the position of the resonance line depended on
the angle between the applied magnetic field and the principal
axis of the EFG (]| ¢ axis in CeCu,Si,), we could determine
the field direction with respect to the ¢ axis from the NMR
peak locus. The misalignment of the ¢ axis with respect to
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FIG. 4. Temperature dependence of 1/7;T on the present single
crystal at 0 T (NQR), 1.4 T, and 3.5 T for H || c and H L c¢. The
dotted line is a Curie-Weiss dependence estimated from the fitting
below 2 K [C/(T + 6) with C =75 s7! and @ = 3.5 K]. The small
6 indicates that the system is close to a quantum critical point.

the field-rotation plane was estimated to be less than 2° from
the NMR spectrum analyses, and K was determined from the
central line of the ®*Cu-NMR spectrum.

Figure 4 shows the temperature dependence of 1/7;T at
zero field, 1.4 T (<uoH) and 3.5 T (>uoH:,) parallel
and perpendicular to the ¢ axis, respectively. In the normal
state, (1/T1T) g 1 was larger than (1/7,T)qy. by a factor of
1.32[(A/TiT)nie = 1.32(1/ T\ T) gyc1, while the temperature
dependence was almost identical between the two directions.
The anisotropy of 1/7,T was considered to originate from
the anisotropy of the hyperfine coupling constant and spin
susceptibility. As mentioned above, 1/7;T measured at zero
field became constant below 0.8 K, but 1/7;T continued
to increase as the temperature decreased to 150 mK when
superconductivity was suppressed by the field above poHc,.
In the field lower than o H., the constant 1 / T, T was observed
at low temperatures in the SC state, which was indicative of the
presence of the field-induced residual density of states ascribed
to vortex cores.

Figure 5(a) shows the temperature dependence of K; (i = L
and ¢) measured at 1.4 and 3.5 T for both directions. The
Knight shift K; is described as

K; = Ant.i Xspin,i + Korb,i 3)

where Angi, Xspini» and Kop,; are the hyperfine coupling
constant, spin susceptibility, and orbital part of the
Knight shift in each direction, and Ky, is usually
temperature-independent. In the normal state, K, increased
upon cooling and became constant below 4 K. The temperature
dependence of K, was similar to that of K, with opposing
sign due to the anisotropic Ay¢, which is understood by c-f
hybridization [39]. In contrast to the constant behavior below
1 Kin 3.5 T (>uoH.), the absolute value of K; decreased
below 7. at 1.4 T, which is indicative of the decrease of
the spin susceptibility in the SC state. This decrease will be
discussed quantitatively later.
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FIG. 5. (a) Temperature dependence of the Knight shift at 1.4 T
and 3.5 T for H || c and H L c. In contrast with constant behavior
below 1 K at 3.5 T (>uoH.,), the absolute value of K; decreases
below 7. at 1.4 T, reflecting the decrease of the spin susceptibility
in the SC state. (b)Temperature dependence of spin susceptibility
normalized at 7.

IV. DISCUSSION

A. Spin dynamics in the normal state

In general, 1/7; provides microscopic details about the
low-energy spin dynamics, and thus we analyze 1/T) to
quantitatively discuss the character of low-energy spin dy-
namics of Ce moments. In temperatures higher than the
coherent temperature 7%, the Ce moments are in a well-
localized regime; thus, the observed 1/7; value in CeCu,Si,
is approximately decomposed into conduction electrons and
localized Ce f electrons as

(1/T)ovs = (1/T1)e + (1/ Ty, “

where the former contribution can be approximately known
from 1/T; of the LaCu,Si, [40]. The latter contribution is
dominated by fluctuations of the Ce spins and can be given by
the Fourier component of (S(¢)S(0)) at the Larmor frequency,
where the time dependence arises from the fluctuations of the
Ce spins.

In general, 1/T; is expressed as [41]

1 : 2 Xx"(q.w)
n= o m;m(q)] pr )

where A(q) is the g-dependent hyperfine coupling constant,
x"(q,w) is the imaginary part of the dynamical susceptibility,
and the sum is over the Brillouin zone. At higher temperatures,
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FIG. 6. The temperature dependence of the characteristic energy
of the spin fluctuations I'(T") evaluated with the NMR quantities
is shown, along with the temperature dependence of the half-width
of the quasielastic neutron-scattering line. The dotted curve is the
T'/? dependence, which is a high-temperature approximation of the
theoretical calculation of I based on the impurity Kondo model
by Cox et al. [42]. The fitting is fairly good above 20 K. Inset:
temperature dependence of the characteristic energy of the spin
fluctuations I'(7T") as a function of the square root of 7.

the spin dynamics are determined by independent Ce moments,
and the local-moment susceptibility is given by [42]

xo(T)
l—iw/T(T)

where xo is the bulk susceptibility and I' is the characteristic
energy of spin fluctuations of Ce moments.

We assume that the ¢ dependence of A(g) can be negligibly
small, and the dynamical susceptibility is isotropic. Then,
Eq. (5) can be described as [43,44]

( 1 ) Ny2kgT A% whxo(T)
T, 5 I'(T)

where (1/77) is estimated by subtracting 1/7T; of LaCu,Si,
from 1/T; of CeCu,Si, measured with the 63Cu—NQR, and
N is the number of nearest-neighbor Ce sites. Using this
equation, I'(T")/ kg is expressed with the NMR quantities as

I'(T)
kp

where K is the Cu Knight shift perpendicular to the c¢ axis.
Here, A} is the hyperfine coupling constant perpendicular to
the ¢ axis, which is evaluated from the K-y plotin the T range
from 8 and 80 K [39], since the bulk susceptibility is easily
affected by an extrinsic impurity contribution.

Figure 6 shows the temperature dependence of I'(T')/ kg
estimated by Eq. (7), as well as I'(T")/ kg directly measured
with neutron quasielastic scattering (NQS) [45]. A similar
comparison has been performed with 2’Si-NMR results on
a polycrystalline CeCu,Si, [46], but the agreement was not

xL(@) = (6)

)

A
= Ny,%nﬁ(—L)TKL(m £ %)
129:]
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as good as that from the current study, probably due to the
impurity-phase contribution in the bulk susceptibility. In the
present analyses based on the “*Cu-NMR results, the agree-
ment is rather good, and both I'(T")/ kg show a very similar
T dependence, although the NQS result is somewhat larger
than the NMR estimation. In particular, I'(T")/ kg follows a
T'/? dependence above 20 K. In HF compounds containing
Ce and Yb ions, I'(T) was calculated for independently
screened local moments based on an impurity-Kondo model
for Ce**(4 1) and Yb*T (4 f'3) by Cox et al. [42]. The T'/?
dependence is the high-temperature approximation of the
theoretical calculation of I'/kg, and it has been observed in
various HF compounds. As shown in Fig. 6, I'/ kg deviated
from the T'/? dependence and remained at a constant value
below around 15 K due to the formation of the low-temperature
coherence ground state. In fact, the resistivity showed a broad
maximum at around 15 K, and thus the resistivity and 1/7}
results showed the occurrence of local-moment screening
below 15 K by the “Kondo effect.”

As shown in Fig. 5(a), the static susceptibility became
constant below 4 K, whereas 1/7|T probing g-summed
dynamical susceptibility continued to increase as temperature
decreased to 0.8 K at zero field. Thus, AFM fluctuations
become dominant at low temperatures. The nature of the
AFM fluctuations was investigated by neutron-scattering
measurements and is revealed to be of the incommensurate
SDW-type with a propagation vector Q o = (0.22,0.22,0.53),
which is the same propagation vector of the A-phase ordered
state [17,18].

Finally, we discuss the possibility of the field-induced AFM
state in the present S-type CeCu,Si,. The field-induced mag-
netic anomaly was reported from magnetoresistance and de
Haas—van Alphen measurements in a previous single-crystal
sample [29,30]. In general, when magnetic ordering occurs,
1/T\T shows a peak at magnetic ordering temperature Ty,
and the NMR spectra show broadening and/or splitting below
Tv. However, in this study, 1/7,T does not show such a
peak but continues to increase as the temperature decreases
to 150 mK, following the Curie-Weiss dependence shown by
the dotted curve in Fig. 4 when 3.5 T (>uoHc) is applied
perpendicularly to the ¢ axis. A similar continuous increase
of 1/T1T was observed in the field parallel to the ¢ axis,
indicating the development of AFM fluctuations. The small
but finite Weiss temperature estimated from the fitting below
2 K (8 ~ 3.5 K) suggests that the present S-type sample
is still in the paramagnetic state, although it is close to a
quantum critical point. These results are consistent with recent
neutron-scattering results [16]. In addition, no clear reduction
of NMR intensity related to the A-phase anomaly was observed
[28]. Our NMR results indicate the absence of the field-induced
magnetic anomaly in the present S-type single crystal.

B. Superconducting gap symmetry

Here, we discuss a plausible SC gap model for explaining
the temperature variation of 1/ 7; at zero field. The 1/ T results
showing a T3 dependence were considered to be evidence of
the presence of a line node in CeCu,Siy, and these results
can be reproduced by the two-dimensional d-wave model,
as shown in Fig. 7. However, recent specific-heat measure-
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FIG. 7. Log-log plot of the calculations of normalized 1/ 7, with
each SC model, and the experimental result of the normalized 1/T;
results at zero field. The inset shows the linear scale plot of normalized
1/T\T and the calculations.

ments indicate the absence of nodal quasiparticle excitations
and the presence of a finite gap with a small magnitude
of Ag~0.30 K (~0.43T,) at low temperatures, although
C/T increases linearly with temperature for 7 > 0.2 K, as
shown in Fig. 8. These results, as well as the absence of
C/T oscillation in the field-angle dependence measurements,
suggest that CeCu,Si, is a multiband full-gap superconductor.
In addition, a multiband full-gap superconductor without sign
change (s;,-wave) and a fully gapped two band d-wave
superconductor (two-band d-wave) were recently proposed
by electron irradiation experiments [47] and penetration depth
measurements [48], respectively. A multigap SC model with
more than two full gaps of different gap sizes was not generally
known before the discovery of Srp,RuO4 [49,50], MgB,
[51,52], and Fe-based superconductors [53—55], and thus such
a multigap model was not applied to reproduce experimental
results in unconventional superconductors before the year
2000. Furthermore, due to the complex Fermi surfaces in HF
superconductors, the single-band analysis was conventionally
adopted for simplicity. However, after the discovery of the
Fe-based superconductors, it was clear that the 7° dependence
of 1/T; could be reproduced not only by the line nodal SC gap
but also by the multiband full gap. In fact, the low-temperature
T3 behavior of 1/T; observed in LaFeAs(OggoFo11) is not
consistent with the d-wave model with line nodes since
deviation of the T dependence, which is expected in a d-wave
superconductor, was not observed even in inhomogeneous
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FIG. 8. Log-log plot of the specific heat C divided by temperature
[27] and the square root of 1/TT of S-type CeCu,Si,. The broken
and dotted lines are plotted to guide the eye.

samples, as shown with 75As-NQR measurements [56,57].
Furthermore, the multiband full-gap structure was actually
detected from angle-resolved photoemission spectroscopy
[58], and thus the multiband SC model has been accepted
as a realistic model for interpreting experimental results.
Therefore, as already discussed by Kittaka et al. [27], we must
identify whether the present NQR results can be consistently
understood by the two-band SC model.

The temperature dependence of 1/7,7T in two-gap super-
conductors is calculated using the following equations:

2 2
1 ~ i i
e [ {[gree] [
x fE)[I — f(E)]dE,

NI(E) =n;

e
AZ 27‘[52 282 ’
2

Ch E’}ug.

[ [Er Az\/ﬁ“p[ 282

Here, NI(E), MI(E), A;, §;, and f(E) are the quasiparticle
density of states (DOS), the anomalous DOS arising from
the coherence effect of Cooper pairs, the amplitude of the
SC gap, the smearing factor to remove divergence of N'(E)
at £ = A;, and the Fermi distribution function, respectively.
The parameter n; represents the fraction of the DOS of the
ith SC gap, and two SC gaps are assumed for simplicity, thus
ny +ny = 1. We multiply Ni(E) and M!(E) by a Gaussian
distribution function to suppress the coherence peak. We also
calculate 1/7,T using a single-gap two-dimensional d-wave

M(E) =
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TABLE 1. Superconducting gaps A;, smearing factor §;, and
weight of the primary band used for the calculation of 77.

Model Al Az 81/A1 52/A2 n
2-gap 5.4 2.1 0.8 0.2 0.2 0.65
2-gap s+ 2.1 —0.8 0.2 0.2 0.65
1-gap d 2.1 1.0
two-band d 2.1 04 1.0

model and a two-band d-wave model discussed in Ref. [46] as
follows:

BRIV P _
o /0 NUEY ()T — F(E)E,

2w d¢ T E
NUE :/ —/ do sin ) —————,
() o 4z )y " VE? — A@O,$)?

A(0,¢) = Agcos(2¢)  (single-gap d-wave),

A0.¢) = VIA| cosp)P + [A; sin2p)]2

(two-band d-wave),

where Nsd (E) is the quasiparticle DOS in a d-wave supercon-
ductor, and Ay is the maximum of the SC gap.

Figure 7 shows the calculated 1/ 7} in each model together
with experimental data as a function of the normalized
temperature. All parameters used for the calculations are
listed in Table I. The 1/77T behavior in the two-gap
sy++-wave shows a clear coherence peak, which seems to
be inconsistent with the experimental results. As discussed
by Kittaka et al. [31], large and/or temperature-dependent
smearing factors originating from quasiparticle damping by
AFM fluctuations might suppress the coherence peak. How-
ever, such a large smearing factor generally suppresses the
SC transition temperature. In addition, the coherence peak
was not observed even in pressure-applied CeCu,Si,, where
the AFM fluctuations were significantly suppressed [15]. Thus,
the suppression of the coherence peak by the damping effect
of AFM fluctuations seems to be unlikely. Rather, the two-gap
s4-wave, two-dimensional d-wave, and two-band d-wave
can closely reproduce the experimental results near 7,. The
experimental 1/7; value deviated from T3 behavior below
0.27;, which agreed with the two-gap s.-wave and two-band
d-wave behavior. However, the d-waves seem inconsistent
with the absence of the oscillation of C/T in the field-angle
dependence [27]. We can safely say that 1/ 7 T results down to
90 mK can be reproduced by the two-gap s..-wave, which was
suggested by recent specific-heat measurements [27]. In fact,
the square root of 1/7T shows almost the same temperature
dependence as C./ T down to 90 mK, as shown in Fig. 8.

In the plausible s state of CeCu,Siy, the sign of the SC
gap would change at the electron Fermi surface that is located
around the X point with a loop-shaped node. However, as
suggested by Ikeda et al., because this nodal feature is not
symmetry-protected, the loop node can be easily lifted by the
slight mixture of on-site pairing due to an intrinsic attractive
on-site interaction, and the corrugated heavy-electron sheet
becomes fully gapped with a small magnitude of the SC gap
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[59]. The small full gap observed by various experiments in
CeCu,S; can be understood by this scenario.

Recently, Yamashita et al. [47] reported that the supercon-
ductivity of S-type CeCu,Si, is robust against the impurity
scattering induced by electron-irradiation-creating point de-
fects, which strongly suggested that the superconductivity is of
the s -wave type without sign reversal. As mentioned above,
the s, -wave seems to be inconsistent with the temperature
dependence of 1/T; just below T.. The absence of the
coherence peak immediately below 7. and the robustness
of superconductivity against the impurity scattering should
be interpreted on the same footing. The same discrepancy
has been also identified in an iron-based superconductor
with “1111” structure [60]. To settle this discrepancy, the
Fermi-surface properties of CeCu,Si, should be clarified with
experiments such as de Haas—van Alphen, angle-resolved pho-
toemission spectroscopy, and scanning tunneling microscope
measurements.

Finally, we illustrate the differences between 1/7) of
CeCu,Si; and 1/T; of CeColns in the SC state. Various
experiments have suggested the presence of a line node in
CeColns not only from the temperature dependence but also
from the field-angle dependence, and CeColns is considered to
be of d-wave symmetry [10,11,61]. Although both compounds
show a similar temperature dependence of 1/T; (1/T; o< T?)
and the absence of a coherence peak immediately below T, a
clear difference was observed at low temperatures. As shown in
Fig.3, 1/ T shows a T3 dependence down to 130 mK, but 1/ T;
of CeColns deviated upward from the T3 dependence below
300 mK and showed T -linear behavior below 100 mK [61,62].
The deviation seems to depend on the quality of the samples:
larger deviations are observed in lower quality samples.
Because this deviation, which originates from the residual
DOS at the Fermi energy, has been commonly observed in
unconventional superconductors with symmetry-protected line
nodes such as cuprate superconductors [63,64], the absence
of an appreciable deviation from the 73 dependence even in
nonstoichiometric CeCu,Si, cannot be understood by such a
line node. Instead, this result does suggest that the SC state is
not a d-wave.

C. Spin susceptibility below T

Next, we discuss the spin susceptibility in the SC state.
The Knight shift measurement in the SC state is known to be
one of few measurements to give information about the spin
state of superconductors. Since the Knight shift consists of
spin and orbital components, as shown in Eq. (3), we need to
estimate the orbital part to determine the spin susceptibility.
Ohama ef al. measured the Knight shift and 1/7; T of *’Si and
%Cu in a magnetically aligned powder sample of CeCu,Si,,
and they reported that the Knight shift and 1/7;7T of the
Cu site were determined by a conduction-electron effect at
higher-temperature regions. The present 1/7;7T value and
Knight shift at high temperatures in CeCu,Si, were similar
values to those of YCu,Si, [39]. Thus, we assume Ko ~ 0
at both directions, as in the case of YCu,Si,. Figure 5(b)
shows the temperature dependence of the spin component of
the Knight shift (K;) normalized by the value at T, (K,,). Here,
(Ks/Kn)uje = (Ks/Kp)uie = 0.6 at the lowest temperature
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under poH ~ 1.4 T. This residual Knight shift originated from
the field-induced normal state due to vortex cores because
K;/K, at the lowest temperature became smaller in lower
fields and thus the spin susceptibility would become zero
at 0 K near zero fields, which provides strong evidence of
a spin-singlet superconductor [19]. However, the residual
normalized DOS estimated from 1/77T was 0.4 for H || ¢
and 0.7 for H L ¢, which was slightly different from the
estimation from K;/K,. We propose this discrepancy to be
due to the SC diamagnetic field. Assuming the residual K /K,
to be equal to the residual DOS (estimated from 1/777)
implies a diamagnetic Knight shift Ky, of about 0.03%. In
fact, Kgi, is estimated as 0.03% from the formula of Hg, =
H,{In[Bd/+/(e)]/In(x)}. Here, the lower critical field H,; =
30 Oe, B = 0.38 in the triangular vortex lattice, the distance
between vorticesd = 412 A at 1.4 T, and the Ginzburg-Landau
parameter k = 141 are used for the estimation [31,65]. These
results suggest that the spin susceptibility in both directions
becomes zero near zero field in CeCu,Si, because 1/T\T
at the lowest temperatures becomes zero at low fields. Note
that the normal-state K, which was enhanced with decreasing
temperature, disappeared completely below 7, in CeCu,Siy,
which is indicative of singlet pairing by the pseudospin J. On
the other hand, the decrease of K in the SC state is usually
very small in U-based heavy-fermion superconductors. In
addition, even in Ce compounds, the decrease of K is small in
noncentrosymmetric superconductors [66,67]. The difference
of the decrease of K,y in the SC state is considered to be
related with the strength of spin-orbit coupling interaction, and
thus a systematic Knight-shift study in HF superconductivity
is required.
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V. CONCLUSION

In conclusion, we have performed *Cu-NMR/NQR mea-
surements using S-type single-crystal CeCu,Si, in order to
investigate its SC and magnetic properties. The temperature
dependence of 1/T) at zero field was almost identical to
that in polycrystalline samples down to 130 mK but deviated
downward below 120 mK. The 1/7, dependence in the
SC state could be reproduced by the two-gap si-wave and
the two-band d-wave. Taking into account the recent results of
the field-angle dependence of the specific heat, the two-gap
s+-wave model is plausible. In magnetic fields, the spin
susceptibility in both directions clearly decreased below 7.
The residual part of the spin susceptibility was well understood
by the residual density of state arising from the vortex cores
under a magnetic field. Above H., no obvious magnetic
anomaly was observed in S-type CeCu,Si, down to 150 mK,
although the AFM fluctuations were enhanced upon cooling.
Thus, the present S-type single-crystal sample was in the
paramagnetic state close to a quantum critical point, and
superconductivity emerges out of the strong AFM fluctuations.
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