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Abstract

Over the past few decades, a considerable number of superconducting materials have been
discovered in strongly correlated matters where order parameter symmetries are different from
s-wave spin-singlet superconductors. It is widely believed that the bound electron pairs in these
materials are mediated by magnetic fluctuations. Furthermore, in almost all previous studies on
heavy fermion (HF) superconductors, the crystal has an inversion center, which makes it possi-
ble to consider the even (spin-singlet) and odd (spin-triplet) components of the superconducting
(SC) order parameter (OP) separately.

In this thesis, we deal with two kinds of new type of superconductors. One is the new
antiferromagnetic (AFM) HF compound CePt3Si with no inversion center that has been quite
recently discovered by Bauer and co-workers. This compound shows an AFM order at Ty ~ 2.2
K, and undergoes superconductivity at 7c ~ 0.75 K. An underlying issue is whether the HF
superconductivity in the case of non centro-symmetry realized CePt;3Si differs in nature from
the unconventional HF superconductors reported thus far, involving a possibility of such a novel
type of OP realized that the spin-singlet state and spin-triplet state are mixed. The another one is
the first Pr-based HF superconductor PrOs;Sby,. The Crystal Electric Field (CEF) ground state
is inferred to be either the non-Kramers I'; doublet or the T';. Even though either the case is
possible, the difference of low lying CEF energy between the ground state and the first excited
state is very as small as AE ~ 10 K, which makes quadrupole degree of freedom survive at low
temperatures. Therefore, it may indeed argue for Cooper pairing via quadrupolar fluctuations.

In Part-11, we present NMR studies of 1Pt and 2°Si in CePt3Si that have clarified the novel
electronic and magnetic properties at the paramagnetic and AFM state and a relevant new type
of HF-SC state:

1. The CEF energy separation is as small as AE ~ 10-16 K, consistent with the neutron
result.

2. The heavy fermion state is realized at temperatures below ~ 6 K.
3. The magnetic excitations spectrum has the gap that depends on the magnetic field.

4. The HF quasi-particles remain in a gapless regime in a T region well below Ty, giving
rise to a 71T = const behavior.

5. The application of magnetic field causes the reduction in size of magnetic gap and at the
same time the increase in spectral weight of quasi-particles at the Fermi level, having
some relevance with the presence of low-lying CEF levels.
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6. The Pt-77 measurements have probed the anomalies due to the onset of AFM and SC
orders, providing microscopic evidence for the coexistence of AFM and SC orders.

7. CePt3Si is the first HF superconductor that reveals the peak in 1/717T just below Tc and
yet does not follow the T3 law that used to be reported in most unconventional HF super-
conductors.

The new AFM HF compound CePt3Si loses an inversion center in its crystal symmetry.
Therefore, the novel relaxation behaviors found below T in CePt3Si have revealed that the new
class of SC state is realized in CePt3Si because of the inversion symmetry. The experimental
finding presented in this work deserves future theoretical works to unravel the SC OP symmetry
for the case where the inversion symmetry is absent in general. A new field in the research on
HF superconductivity is now open up.

In Part-III, we report Sb-NQR study of various filled-skutterudite compounds. First, we deal
with the Sb-NQR study of PrRu,Sb;,, which shows SC transition at T¢ ~ 1.3 K. PrRusSby; is
characterized by the nonmagnetic CEF ground state I';, and the energy separation between
the ground state and the first excited state is estimated as about AE ~ 70 K, which is very
larger that AE ~ 10 K in PrOs4Sby2. The 1 /Ti measurement result indicates the Korringa law
(1/T1T = const) above Tc. In the SC state for PrRusSbys, 1 /TiT shows a distinct coherence
peak, followed by an exponential decrease below Tc with an isotropic gap 2A/kgTc = 3.1.
These results demonstrate that PrRusSby, is the typical weak-coupling s-wave superconductors,
in strong contrast with the HF superconductor PrOs4Sby, that is in a unconventional strong
coupling regime.

In Part-III-3, we report the Sb-NQR study of PrOssSby, under various magnetic fields.
1/T1T shows a clear anomaly below Tc. The first anomaly occurs at the phase boundary be-
tween the A-phase and B-phase revealed by the thermal conductivity, revealing that 1/71T
shows a marked reduction below Tc. Furthermore, the further reduction in 1/777 appears at
the deep inside of the B-phase. The 1/7 = const behavior observed at H = 0 well below T¢
is demonstrated to be intrinsic, suggesting that the ground state is not in a completely non-
magnetic regime in origin, but a slight mixing effect with the magnetic first excited CEF states.
Thus, PrO4Sby, is classified as the novel type of HF superconductor that differs from the uncon-
ventional Ce-based HF superconductors mediated by magnetic fluctuations. Rather, PrOs4Sb;;
may be mediated by Pr-4f2 derived quadrupole-fluctuations, leading to a novel kind of HF
superconductivity.

In Part-I11-4, we report the Sb-NQR study of CeOs4Sbiz. The 1 /T measurement has re-
vealed the behavior 1/7; < T/ +/T —0.06 expected for the case where AFM spin fluctuations
are critically dominant and hence CeOs4Sb; is closely located to the AFM quantum critical
point. Even in such a situation, a remarkable finding is that the spin-density wave type of mag-
netic phase transition, that is of the first order type, occurs at 7' = 0.9 K, possibly triggered
by the nesting effect of the Fermi surface. The present result, we believe, deserves theoretical
study on the physics behind the AFM QCP realized in HF systems in general.
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Chapter 1

NMR/NQR Theory

1.1 Nuclear spin Hamiltonian

In case there is a magnetic and electric interaction between electrons and a nuclear spin,
nuclear spin Hamiltonian is shown as follows,

H = %eeman + f%uadrupole + %yperﬁnc (1.1)

The first term arises by applying an external magnetic field. It is the interaction between a
nuclear spin moment g, = %Al (%, is nuclear gyromagnetic ratio) and external field Hy ;

Hgeeman = —p-Hp (1.2)
Yol H . —i¢ . i0
— —-—2—(I+ sin@e " +1_sinBe*® +2I,cos 0) (1.3)

where 6 and ¢ are the polar and azimuth angles, respectively, and 1. (I_) are raising (lower-
ing) operators. A nucleus has electric quadrupole moment eQ, when I > 1. The second term
shows the interaction between a nuclear quadrupole moment eQ and a surrounding electric field
gradient eq as follows,

2
e
%uadrupole = Wq?l){:ﬂzz“lz‘l‘g(li—*—lz)} (1.4)
Vxx""V
n o= = << (1.5)
Vz

Here, 7 is defined as asymmetric parameter indicating the deviance from axial symmetry. The
last term is the magnetic interaction through the hyperfine coupling;

Hypertine = YeToh? [8?”6@)1.5— (Irf - 3(I'T)(S'T)> + I};] (1.6)

7o

The first term of this expression is called Fermi contact interaction, which is caused by the
finite probability of polarized s-electrons in a nucleus position. The second term is the classic
dipole-dipole interaction caused by existence of non s-electrons. The last term expresses the
interaction of a nuclear spin and angular momentum.
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The local magnetic field (Hj,.) produced in a nuclear position by the hyperfine interaction
can be shown as follows,

%yperﬁne = "YnhI “Hioc (1.7)
Here, Hyy 1s
8 S 3r(S-r l
Ho. = —7Yh [?6(")5 - (ﬁ - —(1‘5_—)> + ;Ejl (1.3)

This local magnetic field Hj,. can be divided into two ingredients shown below,
Hyy.(t) = (Hioc) + 0 H(2) (1.9)

The average value { Hyo. ) produces an extra magnetic field in a nuclear position. And fluctuation
component & H () causes relaxation of a nuclear spin.

1.2 Knight shift

The extra magnetic field (Hjo.) changes a resonance magnetic field against fixed resonance
frequency. The Knight shift is named after Prof. Walter Knight, who first observed the phe-
nomenon.' The Knight shift is defined on fixed frequency by the following formula,

_ HO - Hres

K
Hy

(1.10)
where Hy expresses the resonance magnetic field in nonmagnetic, and nonmetallic environment.
Hyes is the resonance magnetic field. The Knight shift consists of the sum of the spin part K
and the orbital (Van Vleck) part Ky,,2 which are connected with the spin susceptibility ys and
the Van Vleck orbital susceptibility Yo as follows,

K:Ks(T)+Korb (1.11)
Hy
= 1.12
s NA,UBXS ( )
Horb
Koy — —nf 1.13)
orb NAUB%OIb (

where N and g are Avogadro’s number and Bohr magneton, respectively. Hys is the hyperfine
coupling constant. The hyperfine coupling constant can be obtained by plotting K vs y with
temperature as an implicit parameter.>* In HF system, since the spin-orbit interaction is so
strong, the electronic state of an ion is characterized with the total angular momentum J (J =
S + L). The lowest J manifold is split into several sublevels by Crystal Electric Field. In the
case of CEF energy splitting is small, the Hyf shows temperature dependence.



1.3 Nuclear spin-lattice relaxation rate : 1/7;

A nuclear spin relaxation is caused by the fluctuating component of hyperfine field,  H (¢).
The general formula of 1/7; is shown as follows,

1 2p3ksT

— —ZMm™b 1.14
i (%h)? (119

quA—qu(q’ COO)
q Wo
where Ag4 is the hyperfine coupling constant between the nuclear spin and the g component of
the electron spin density. As shown above, 1/Tj is probing g-averaged imaginary part of the
dynamical susceptibility.’

Itinerant electron system
In the itinerant electron system, the nuclear relaxation rate 1/7; described in eq.(1.14) is
represented as follows,

1
T RYRI(AGA_q)N*(Ep)kpT

where N(EF) is the renormalized density of states at Fermi energy. The constant behavior of
1/TyT is often called Korringa law.

(1.15)

Localized electron system
If we consider that each localized f electrons are fluctuating independently, eq.(1.14) can be
replaced by

1

— oc T %0 o< .
T Xoo<T (1.16)

T+6
Here, we consider that ¥ obeys Currie-Weiss law. If 0 is small, 1/7; hardly shows temperature
dependence.’

In NMR measurement, we can observe the crossover from the localized to itinerant f elec-
trons in HF systems as shown in Fig.1.1.

100 T T T T T I
L - - X e % —
50 CeCug e -
o T 1/T, = constant
la, Ty
K 10
5+ 1/T,T = constant
1 1 | 1 l 1 |
0.1 05 1 5 10 50 100

Figure 1.1: Temperature dependence of 1/7; in CeCug.® Dashed (Solid) line represents the re-

T[K]

lation 1/7; = constant (1/77T = constant).




1.4 Nuclear spin-lattice relaxation in the superconducting state

In the SC state, nuclear spin-lattice relaxation is caused by thermally excited quasi-particles
above SC gap. Therefore, temperature dependence of 1/7; is affected by SC gap structure. The
gap structures in s-wave (BCS®) and p-wave (BW,!® ABM,!!-12 polar) superconducting state
are shown below.

2A

isotropic polar axial
fullgap line node point node
(BCS, BW) (polar) (ABM)

Figure 1.2: SC energy gap for BCS and BW (isotropic), ABM (axial), polar state.

The BCS and BW state have isotropic energy gap with no node. The ABM and polar state have
gap zero nodes at point (line). In BCS and BW state, using the energy gap A(0,¢) = A, the
density of state is given by,

Zvisotropic (E ) = (1.1
0 (IE| < A)

In polar state, using the energy gap A(6,¢) = Acos 0¢?, the density of state is given by,

0)E
ZNOE (IE| < A)
Npotar (E) = .- Line nodes (1.18)
NOE sin-14  (|E| > A)

In ABM state, using the energy gap A(0,¢) = Asin 6¢%, the density of state is given by,

Point nodes (1.19)

Napwi (E) = N(O)E1 ‘E—I-AI

A HNEZA

The density of states of quasi-particles with isotropic gap, line and point nodes are shown in
Fig.1.3.

10



Isotropic (BCS/BW)
Point node (ABM) |
- i 2D d-wave .

I\ Line node (polar)

Ns(E)

>

Figure 1.3: The density of state in the SC state for isotropic s-wave, anisotropic p-wave, and
2D d-wave, respectively.

The nuclear spin-lattice relaxation rate 1/7; in the SC state is represented as follows,

Lo [ (1+—)NS<E>NS(E'>f<E><1~f(E’>)6<E—E’>dEdE’ (1.20)

T EE'
27rA2 ) )
= 5 " [N2(B) + M(E)) F(E)(1 — f(E))dE (1.21)
E)__N(O /2” f \/iw_f(—smedem (1.22)

Here, Ny(E) is shown in eq.(1.17), (1.18) and (1.19). M,(FE) is called anomalous density of
state and originated in the coherence effect. In the BCS superconductor, since Ny(E) and M;(E)
diverge at E ~ A, 1/T; indicates large enhancement just below T¢ as shown in Fig.1.4. It
is called coherence peak or Hebel-Slichter peak.!® For the anisotropic superconducting state
include BW state, the term A% /E? in the coherence factor disappears. Therefore, 1/T; is affected
only Ny(E). Since the coherence factor is 1 and the divergence of DOS at E ~ A is weak,
the enhancement of 1/7} just below T¢ is much smaller than the BCS superconductivity and
moreover in case of a maximum energy gap is large, the enhancement is suppressed. At low
temperature where T < Tc or E < Ag, 1/T1 obeys the power law as follows,

A

e ' :fullgap

r_)r : line node (1.23)
I T3 : point node
T : gapless
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Figure 1.4: Temperature dependence of 1/7; in SC state for isotropic s-wave SC and anisotropic
p-wave SC.
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Chapter 2

Equipments

2.1 NMR spectrometer

NMR and NQR measurement were carried out by the spin-echo method using a conven-
tional type spectrometer. We used home-made type spectrometer with super-heterodyne system
and commercial double super-heterodyne system spectrometer.! The block diagram of a super-
heterodyne system is shown in Fig.2.1. The resonance circuit used for NMR/NQR measurement
is also shown in Fig.2.2. The series resonance circuit was used below 40MHz and the parallel
resonance circuit was used above 40MHz. In order to take impedance matching from power
amplifier to NMR circuit and NMR circuit to receiver, duplexer is used in the parallel circuit. In
the series circuit, we use home-made type narrow band pre-amplifier and take matching using
both NMR/NQR probe and pre-amplifier.

The NMR spectrum was obtained by integrating the spin-echo intensity using box-car inte-
grator as a function of external field at fixed frequency. The NQR spectrum was obtained by
measuring the spin-echo intensity as a function of frequency in the zero field. Nuclear spin-
lattice relaxation time 77 was measured by the saturation recovery method.
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Figure 2.1: NMR/NQR block diagram.
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Figure 2.2: Resonance circuit for NMR/NQR. (a) Parallel circuit. (b) Series circuit.
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2.2 Magnetic field and low temperature

In order to measure at a high magnetic field and low temperature for a long time, Cryo-
stat made from stainless steel is used. The solenoid coil type superconducting magnet made
by Oxford Instruments is shown in Fig.2.3.2 Inhomogeneity of the magnetic field at the center
of superconducting magnet is less than 107>, which guarantees the precise Knight shift mea-
surement. We can measure nuclear spin-lattice relaxation time 77 and Knight shift in the wide
temperature range of T = 0.1 — 300 using this superconducting magnet and 3He-*He dilution
refrigerator.’

n
| I

Y,

Figure 2.3: Cryostat for NMR measurement.
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Part 11

Pt and Si NMR Studies of CePt;Si
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Chapter 1

Introduction

1.1 Discovery of Unconventional Superconductors

The SC mechanism of conventional superconductors such as Al, Nb was explained by the
Bardeen-Cooper-Schrieffer (BCS) theory. The BCS theory predicted that the onset of s-wave
spin-singlet superconductivity is based on bound electron pairs coupled by deformation of lat-
tice via the electron-phonon interaction.! Over the past few decades, a considerable number of
superconducting (SC) materials have been discovered in strongly correlated matters where or-
der parameter (OP) symmetries are different from s-wave spin-singlet superconductors. Since
the discovery of the first unconventional superconductivity in a heavy-fermion (HF) compound,
CeCu,Si,.10 Besides Ce- or U-based HF superconductors (HFS), there is a lot of unconven-
tional superconductors such as high-7¢ cuprate superconductors, ruthenates (Sr;RuQy), ferro-
magnetic superconductors (UGe;, URhGe)) and so on. 37 It is widely believed that the bound
electron pairs in these materials are mediated by magnetic fluctuations. For example, high-T¢
superconductors are believed to have a d-wave symmetry with an line-node energy-gap on the
Fermi surface, mediated by antiferromagnetic (AFM) spin fluctuations.3-°

Two prototypical Ce-based HF superconductors are known to date, including the pressure
induced ones: CeT,Mj; series that crystallize in the tetragonal ThCr;Si; structure (see Fig. 15)
such as CeCu,Sip, CeCuyGe,, CePd,Siy, CeNiyGe, and CeRh,Siy. %13 The isostructural com-
pounds CeMX; with M = Ru, Ni, Pd, Cu, Ag, Au and X = Si, Ge exhibit a great variety of
electronic and magnetic properties, allowing to clarify an interplay between the formation of
magnetic order and HF behavior. The another one is Ce,M,,In3, 7., series. They belong to the
broader family of materials Ce,M,,In3,.12, Which can be considered as built from *Celns’ and
"MIn,’ layers stacked along the tetragonal c-axis displayed in Fig.1.1. The n = e compound
Celnjs crystallizes in the cubic AuCus structure. Celns reveals from an AFM to SC transition as
a function of pressure, and show the coexistence of AFM order and unconventional supercon-
ductivity under a critical pressure.!*1> The structurally layered compounds CeMIns crystallize
in the tetragonal HoCoGas-structure. The compounds CeMIns (M = Co, Ir, Rh) are a new fam-
ily of HF systems which exhibit a SC transition at ambient pressure, including CeColns with a
highest transition temperature Te = 2.3 K to date among HFS.'®!® The discovery of this new
class of HF compounds has also opened a way to systematically investigate an evolution from
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the AFM to SC state as a function of pressure on CeRhIns.!%-20

ThCr,Si; - type AuCus - type HoCoGas - type

Figure 1.1: Conventional unit cell of the ThCr,Si; structure and Ce,M,,In3,,;2,, structures with
n = oo (CuAus type) and 1 (HoCoGas type).

In almost all previous studies on HFS including these new family, the crystal has an inver-
sion center, which makes it possible to consider the even (spin-singlet) and odd (spin-triplet)
components of the superconducting (SC) order parameter (OP) separately.”-?? Although this
is the case in most superconductors, there are some exceptions. In this thesis, we deal with the
new class of AFM HF compound CePt3Si with no inversion center.?? The crystal structure is
shown in later. The superconductivity in strongly correlated matters is expected to emerge even
under the novel electronic state that is not yet taken into account so far.
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Chapter 2

The Pt- and Si-NMR studies of a new class
of heavy fermion antiferromagnetic
superconductor CePt;Si without inversion
symmetry

2.1 Introduction

In almost all previous studies on superconductors, it was assumed that the crystal has an in-
version center, which makes it possible to consider the even (spin-singlet) and odd (spin-triplet)
components of the superconducting (SC) order parameter (OP) separately.»? Although this is
the case in most superconductors, there are some exceptions. In this thesis, we deal with the new
heavy fermion (HF) compound CePt3Si with no inversion center that has been quite recently
discovered. The structure of CePt3Si has some relevance with a cubic AuCus structure where
Si atoms occupy an interstitial space. As a result, a tetragonal distortion takes place in the unit
cell. Then the crystal structure of CePt3Si belongs to the space group P4mm (No.99), exhibiting
an isotropic structure with the ternary boride compound CePt3B as shown in Fig.2.1.3# Inter-
estingly, it is unexpected that CePt3Si undergoes an antiferromagnetic (AFM) order at Ty = 2.2
K, followed by a SC transition at 7c = 0.75 K that was probed by the measurements of electri-
cal resistivity R(T") and specific heat Cy. As for the AFM order, R(T') does not show any clear
anomaly, but C, /T indicates a distinct peak at Ty as shown in Figure 2.2.* A value in an entropy
release at Ty is estimated to be as small as about AS = 0.22Rlog?2. This result seems to point
to the development of Kondo-like interaction between 4f electrons and conduction electrons
below 10 K that is evidenced from a logarithmic increase in Cp,/T upon cooling below 10 K
as well. Concerning the SC characteristics, although a jump in G, /T at Tc is very small, ex-
hibiting about AC,, / YIc ~ 0.25, but very large value of Sommerfeld coefficient y = 400 mJ/mol
K? suggests that HF superconductivity (HFS) is realized in this compound. Furthermore, the
evidence for the HFS is corroborated from the upper critical field H., vs T plot as shown in
Figure 2.3: The H, at low T exceeds the usual Pauli paramagnetic limiting field, indicative of
a possibility of a spin-triplet pairing realized. But from a general argument that a lack of in-
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version center does not always allow for a spin-triplet pairing to be stable, therefore, Bauer and
co-workers suggest a mixing SC state of spin-singlet and spin-triplet pairing might be realized
in this compound.*

Pt - sitel

Pt - site2 /

Figure 2.1: Crystal structure of CePt3Si which belongs to the space group Pm44(No.99).>4

Very recently, neutron scattering experiment has reported magnetic properties on CePt3Si.
The AFM Bragg reflection was observed at a wave vector Q =(0, 0, 1/2) and (1, 0, 1/2), indi-
cating that Ce-4 f derived magnetic moments ~0.3ug/Ce at T = 1.8 K lies ferromagnetically in
the c-plane and stacked antiferromagnetically along the c-axis as shown in Figure 2.4. Its size is
very smaller than a value that is expected from a Ce3* crystal electric field (CEF) ground state
with either I'; or I's Kramers doublet in the tetragonal point symmetry, which suggests that
the Kondo-like interaction becomes effective to reduce the size of the AFM moments expected
from a localized picture. This is consistent with the result of specific-heat measurement that
indicates the small change in entropy release at Ty as mentioned above.* The neutron scatter-
ing experiment has provided information for a CEF energy scheme as displayed in Figure 2.4.
A remarkable finding is that the well defined CEF excitations are observed in this compound.
Usually, it 1s believed that no well defined CEF excitations may be observed if 4 f electrons are
hybridized with conduction electrons to form heavy quasi-particles. A similar case was reported
in the first Pr-4 f° 2_derived HF superconductor PrOs4Sbi,.% In this case, it was revealed from the
band calculations and the de Haas-van Alphen effect measurement that 4 f electrons are almost
localized.”
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Figure 2.2: (a) The T’ dependence of electrical resistivity R(T) of CePt3Si and LaPt3Si. (b) The
T dependence of specific C, of CePt3Si and LaPt3Si where C,/T is plotted as a
function of In7.4
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Figure 2.3: (a) The T dependence of C,/T at low T near Tc for various external magnetic
fields. (b) The T dependence of the upper critical field H;, determined by the mea-
surements of R(T) and Cp/T .4
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Figure 2.4: Left figure: Crystal electric field (CEF) energy scheme for CePt3Si. Right figure :
Magnetic structure of CePt3Si. The Ce magnetic moments lie ferromagnetically in
the c-plane and stacked antiferromagnetically along the c-axis.’

In order to gain an insight into a possible OP symmetry in CePt3Si without inversion sym-
metry, several theoretical works have been put forth thus far. P. Frigeri et al. have shown that
in contrast to common believe, spin-triplet pairing is not entirely excluded in such systems.®
Moreover, the Pauli paramagnetic limit in H.,(0) was analyzed for both spin-singlet and spin-
triplet pairing. CePt3Si has a possibility of p-wave spin-triplet pairing state (d(k) = &k, — Jkx),
that can explain the absence of the Pauli paramagnetic limit reported by Bauer ef al. On the
other hand, noting that its superconductivity emerges under the background of AFM ordering,
it seems more natural to assume a spin-singlet type of pairing, and they argue, in this case, the
Pauli paramagnetic limit is rendered less effectively by the presence of spin-orbit coupling aris-
ing from broken inversion center. The study by the band calculation reveals that a possible gap
structure of CePt3Si depends on the dimensionality of SC OP, and if the SC OP corresponds to
a one-dimensional representation, then the gap has line nodes where the Fermi surface crosses
the high-symmetry planes or the boundaries of the Brillouin zone.’

In this section, we report microscopic study of CePt3Si via the measurements of nuclear
magnetic resonance (NMR) of 195pt and 2°Si. Their nuclear parameters are shown in Table 2.1.
The advantage of NMR is that the magnetic and electronic properties can selectively measure
at each atomic site. CePt3Si has two Pt sites and one Si site. Our aim is to clarify novel
magnetic and SC characteristics inherent to the first superconductor CePt3Si without inversion
symmetry and provide microscopic evidence for the co-existence of antiferromagnetism and
superconductivity in CePt3S1.

Table 2.1: The nuclear parameters of '>Pt and 2°Si.

nuclei Nuclear Spin gyromagnetic ratio (MHz/T) Natural Abundance (%)
Py 172 9.153 33.8
2si 12 8.4578 47
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2.2 Sample preparation

Two polycrystalline samples were used for the NMR measurements in this work. One of
those supplied by E. Bauer er al. was prepared by arc melting under argon atmosphere and a
subsequent heat treatment under high vacuum at 870°C for three weeks.* Another samples pro-
vided by Y. Onuki et al. were synthesized by arc-melting under argon atmosphere using 99.9%
- pure Ce, 99.99%-Pt and 99.999%-Si in the stoichiometric proportion. Single crystals were
successfully prepared by both the pulling method in a tetra-arc furnace and mineralization.’
The X-ray diffraction measurement indicates that all the samples used here are well character-
ized to consist of a single phase. The AFM and SC transition temperatures are confirmed from
the measurements of resistivity R(T) and specific heat C,(T'). For the ' Pt and *°Si-NMR
measurements, the samples are crushed into powder to make rf-field penetrate easily.

Table 2.2: The status of the samples used for the Pt and Si-NMR measurement

weight NMR frequency
sample A : powdered polycrystalline ~ 10mm?® 46.2, 18.1, 8.9 MHz
sample B : powdered single crystal —~ 50mm?> 18.1, 8.9 MHz

Fig.2.5 displays Pt-NMR spectrum at 8.9 MHz for the powder oriented along the c-axis par-
allel to magnetic field H. CePt3Si has two Pt sites (see the inset of 2.5) that occupy inequivalent
crystallographic sites. One of Pt sites (green circle) is surrounded by four Ce atoms in the ab
plane, labeled as site-I and another one (yellow circle) as site-II. The respective full-width-half-
maximum (FWHM) in the Pt-NMR spectral shape are as small as 25 and 8 Oe at the site-I and
site-11, assuring that the samples are well characterized.

Intensity (a. u.)
I

1 1 L L 1 ) 1 1
0.950 0.955 0.960 0.965

External Field (T)

Figure 2.5: The Pt-NMR spectrum of the sample B at 4.2 K.
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2.3 Results and Discussions

2.3.1 The 1*’Pt-NMR study
NMR spectrum

Fig.2.6 indicates the T dependence of Pt-NMR spectrum at 8.9 MHz for the oriented powder
CePt3Si. In the paramagnetic state above Ty ~ 2.2 K, the Pt-NMR spectra at the site-I and -
IT exhibit no significant change and positive values of Knight shift. Below Ty, however, their
FWHM’s actually start to be increased, associated with the appearance of internal field due to
the onset of AFM order. As a result, the spectra arising from the site-I and -II overlap below Tx.
Note that the peak in the spectrum below 7y is mainly assigned to the site-1I from the overall T
dependence of the spectrum below Ty.
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Figure 2.6: The T dependence of Pt spectrum for the oriented powder of CePt3Si with H parallel
to the c-axis at 8.9 MHz.
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Fig.2.7 indicates the T dependencies of Knight shifts K1(7') and K2(T') at the site-I and
-II that were measured at 8.9 MHz (H ~ 1 T), 18.1 MHz (H ~ 2 T) and 46.2 MHz (~ 5 T).
K1 and K2 increase upon cooling, exhibiting a peak around 7 K. It should be noted that K1
and K2 depend on H, and the peaks in their 7 dependencies shift to lower temperatures as H
increases. These H and T variations of K1 and K2 would be naturally expected from the CEF
energy scheme where the energy separation AE; is as small as AE; ~ 1.4 meV (16 K) between
the ground state doublet and the first excited doublet.
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Figure 2.7: The T dependence of Knight shift K1 and K2 for the site-I and -II at 8.9 MHz
(H~1T),18.1 MHz (~ 2 T) and 46.2 MHz (~ 5 T).

In general, Knight shift K is related to magnetic susceptibility . Therefore, the Knight
shift is plotted against the magnetic susceptibility with temperature as an implicit parameter.'°
Since K1 and K2 depend on H, y does too. However, at present, the available data of y
on polycrystalline samples are measured at a small H by means of a SQUID magnetometer.
Accordingly, a K — ) plot was tentatively performed using this y data at low H. Fig.2.8 (a)
presents the K1 — x and K2 — y plots at f = 46.2 MHz. The hyperfine-coupling constant Hj, ¢
obtained from the slope in K — y plots at various frequencies is listed up in Table 2.3. The
K — x plots at low temperatures at various frequencies are shown in Fig.2.8 (b). It is anticipated
that the H dependence of Hj arises from that of the magnetic susceptibility associated with
the presence of low-lying CEF level. In this context, the H,; inherent to the HF state at low T,
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where AFM and SC orders occur, should be determined by K vs y plot at fields significantly
lower than AE; ~ 1.4 meV, or 1.5 T and furthermore, at temperatures lower than AE; ~ 1.4
meV, i.e. 16 K. At present, there are not yet reliable data to deduce Hjy at the HF state realized
atlow T.

Table 2.3: Hyperfine-coupling constant (Hy ) at Pt site-I and -II at various frequencies or mag-
netic field in the given T range.

Frequency (MHz) 46.2 46.2 8.9 18.1

Temperature (K) 240-80 40-7 6-3.6 6-3.6
Hyy site-1 (kOe/pip) 9.6 6.7 1132 105.6
Hyy site-11 (kOe/Lip) 2.9 42 30.668 234
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Figure 2.8: (a) K — y plot at f =46.2 MHz in the range of T = 4.2 — 240 K. (b) K — x plots at
various frequencies at low temperatures. Here note that the susceptibility data were
taken at a very low field by means of a SQUID magnetometer.
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Nuclear spin-lattice relaxation time 7;

Fig. 2.9 demonstrates recovery curves of nuclear magnetization of %Pt at the site-I and II.
Since Pt nuclei has a nuclear spin / = 1/2, it follows a simple exponential form given by

M(e) — M(1)

) = Xe/T) @.1)

where M(e-) and M(t) are the nuclear magnetization in the thermal equilibrium condition and
at a time ¢ after the saturation pulse, respectively. 1/7; is uniquely determined with a single
component above Tc. The solid lines in the figure are a best fit of the data to a single expo-
nential curve. At temperatures well below T¢, however, two components in 77 appear: a long
component is attributed to an intrinsic relaxation, whereas a short one arises from the presence
of vortex core induced by applying H.
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Figure 2.9: Typical recovery curves of the 1Pt nuclear magnetization at 7 K for the site-I and
-TatH~1T,2T,and 5 T.
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Normal State

Fig.2.10 presents the T dependence of 1/T1T at the site-I at f = 8.9 MHz, 18.1 MHz, and
46.2 MHz together with the result of LaPt3Si that is consistent with a Korringa law with 1/77T
=17.193 sec 'K ™! in the measured T range as expected. Apparently, the 1/7;T in CePt3Si is
enhanced upon cooling due to the development of 4 f derived magnetic fluctuations, exhibiting
almost equivalent 7 dependence down to 10 K regardless of the strength of H. It is noteworthy
that 1/T; T undergoes a significant H dependence below a characteristic temperature 10 K that
coincides with the CEF energy separation AE; ~ 16 K. Correspondingly to this, the 1/71T at
f = 8.9 MHz seems to be saturated below 10 K, whereas at f = 46.2 MHz, it reveals a sharp
cusp at T ~ 3 K. These results suggest that the CEF effect makes the relaxation behavior depend
on H at low T. Furthermore, the fact that 1 /7T starts to decrease rapidly below Ty assures the
onset of AFM order, consistent with the specific-heat result. Unfortunately since the broadening
in the spectrum below 7y makes it difficult to separately measure the spectrum at the site-I and
I1, 1/T} cannot be measured below 7y at the site-1.
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Figure 2.10: Temperature dependence of 1/T1T of Pt site-I for CePt3Si and LaPt3Si.

Instead, the T dependence of 1/717T at the site-II for CePt3Si and LaPt3Si is presented in a
wide 7T range in Fig.2.11 where the Korringa law 1/7;T = 12.35 sec™!K~! is valid at the site-II
as well as the site-I of LaPt3Si. A difference in 1/71T is evident at the site-I and -II for CePt3Si.
In contrast to the result at the site-I, the 1/7; T at the site-II shows a shallow peak around 6 K at
H ~ 1T (8.9 MHz) and stays constantly below ~ 8 K at H ~ 5 T (46.2 MHz). The latter resuit
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is consistent with the 4 f derived HF state that is evidenced by a value of 1/71T being strongly
enhanced than the value in LaPt3S1 as observed in either Ce or U-based HF compounds.

This H dependence of 1/T; T observed at the site-II originates from the low-lying CEF effect
as well as observed already at the site-1. It is expected that the reduction in 1/7;T observed at
low values of H ~ 1 and 2 T is also caused by the low-lying CEF level. This result contrasts
with conventional Ce-based HF compounds where any well defined low-lying CEF effect does
not survive at low 7. We point out that a similar 7" dependence of 1/7;T was reported for the
Pr-based HF superconductor PrOs4Sby; although the low-lying CEF level is characterized by
the non-Kramers doublet, yielding a broad peak around 3.5 K.
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Figure 2.11: The T dependence of 1/TT at the site-II for CePt3Si and LaPt3Si. The inset shows
their detailed 7 dependencies near Ty = 2.2 K.
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Antiferromagnetic (AFM) State

The T dependence of 1/7;T undergoes a drastic decrease below Ty = 2.2 K without any
critical divergence associated with the onset of AFM order as shown in Fig.2.11. The 1/TiT
below Ty is well reproduced by the following formula,

1 A
—_—=A S 2.2
T exp( kBT> +C (2.2)

as indicated by the solid lines of Fig.2.11 at f = 8.9 and 18.1MHz. Note that a 73T = const
behavior is valid in a T range lower than Ty. The exponential decrease in 1/77T may be
associated with a gap formed partially in the low-lying magnetic excitations spectrum below
In. The respective values of energy gap A/kp are estimated to be 23.3 K and 16.8 K at f = 8.9
and 18.1 MHz. The size of gap is suppressed by applying the magnetic field. The last term C of
eq.(2.2) corresponds to the quasi-particle contribution. The respective values of 1/7;T are about
20.3 sec™'K~' and 26.2 sec "'K~! at f = 8.9 and 18.1 MHz, being larger than 1/7;T ~ 17.193
in LaPt3Si. This evidences that magnetic low-lying excitations are gapped, but the low-lying
quasi-particle excitations is in a rather gapless regime, giving rise to the 717 = const law even
under the background of AFM order. An intimate correlation should be noted that as gap size
is reduced with increasing H, the value of 1/71T increases, indicative of a H induced transfer
of low-energy spectral weight of quasi-particles. The present experiment has clarified the vital
role of 4f derived CEF state in forming the HF state at low T that is realized in virtue of the
existence of gap in the magnetic excitations at the AFM state. Thus, the SC transition emerges
behind this unique HF state which coexists with the AFM phase.

Table 2.4: The values of energy gap A/kg and 1/71T.

CePt3Si LaPt3Si

Applied Field (T) | ~1 ~2  ~1
A/kg (K) 233 16.8 -

1/TT (sec'K~1) | 20.3 262 17.193
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Superconducting State

The T dependence of 1/T;T is shown in Fig.2.11. Its relaxation behavior is quite different
from that observed in unconventional Ce-based HF superconductors reported thus far. Most Ce-
based superconductors indicate a 7> power-law behavior that is consistent with a line-node gap
below T without a coherence peak characteristic for conventional BCS superconductors.!1~17
By contrast, it is unexpected that the 1/777 in CePt3Si indicates a small peak just below T¢,
although the observed peak in 1/77T is very smaller than that observed for the conventional
BCS superconductors. In order to examine the H dependence of the relaxation behavior below
Tc, the normalized value of (1/717T)sc/(1/T1T)x is plotted as a function of 7' /T at 8.9 MHz
(H ~1T)and 18.1 MHz (H ~ 2 T) as shown in Fig.2.12. Here (1/T1T )N corresponds to the
values at the normal state at 8.9 MHz (H ~ 1 T) and 18.1 MHz (H ~ 2 T). Apparently, the
peak in (1/T1T)sc/(1/TiT)x is almost independent of H. The (1/71T) at H ~ 2 T seems to
be saturated at low 7. Actually, the recovery curve of nuclear magnetization that depends on H
suggests that the relaxation process is significantly dominated by the presence of vortex cores
where the normal-state region is introduced. By contrast, the 1/717 at 89 MHz (H ~ 1 T)
continues to decrease down to 7 = 0.2 K, a measured lowest temperature, it appears to follow
neither an exponential nor T3 behavior as far as the data are concerned down to temperatures
lower than 0.2 K. It is the first HF superconductor that reveals the peak in 1 /77T just below
Tc and yet does not follow the 7> law that used to be reported in most unconventional HF
superconductors.

In order to inspect an overall relaxation behavior below Tc¢ in CePt3Si without inversion
symmetry, a tentative SC model was tried to fit the data, as presented by solid line in Fig. 2.12,
by applying the Balian-Werthamer model (BW isotropic spin-triplet SC state) with a value of
2A/kgTe = 3.9.18 Note that the peak in 1/T1T originates from the presence of isotropic energy
gap, even though the coherence effect, inherent to the isotropic spin-singlet s-wave pairing
state, is absent. It is noteworthy that the experiment is not consistent with a simple power-law
behavior with the line-node gap at the Fermi surface as indicated by dashed line. It is interesting
that the BW model is well fitted just below 7c.

In almost all previous studies on either conventional and unconventional superconductors,
it was assumed that the crystal has an inversion center, which makes it possible to consider
the even (spin-singlet) and odd (spin-triplet) components of the superconducting (SC) order
parameter (OP) separately. In the HF compound CePt3Si, however, an inversion center is absent
in its crystal symmetry. Therefore, the novel relaxation behaviors found below Tc in CePt3Si
provides clue to address a possibility of new class of SC state being realized in CePt3Si in the
case without the inversion symmetry.
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Figure 2.12: Plots of (1/T1T)sc/(1/T1T)x vs T/Tc at 89 MHz (H ~ 1 T) and 18.1 MHz
(H ~ 2 T). Here (1/T1T)n corresponds to the value at the normal state at 8.9
MHz (H ~ 1 T) and 18.1 MHz (H ~ 2 T). The solid line is a fit calculated by ap-
plying the Balian-Werthamer model (BW isotropic triplet SC state) with a value of
2A/kgTc = 3.9.18 Dashed line shows a line-node gap model behavior 1/} o< T3.
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2.3.2 The ?Si-NMR Study
NMR spectrum

Fig.2.13 indicates the Si-NMR spectrum for the oriented powder with the magnetic field
along the c-axis. CePt3Si has only one Si site. Owing to a small natural abundance of 28,
the NMR intensity is too small to measure 2K(T) and 1/71(T) in a wide T region. In the
paramagnetic state above Ty ~ 2.2 K, the NMR spectral shape shows no significant change with
a positive shift, but the appearance of the internal field below Ty makes it broaden to prevent
from observing the Si-NMR spectrum. Thus the Si-NMR measurements are only possible in
the paramagnetic state.

IIIIlIII]Ill]]|iI|[[lIIIIII[lIIIIIIl

Intensity (arb. unit)
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External Field (T)

Figure 2.13: The 2°Si-NMR spectrum at 2.7 K and 42.77 MHz. Its full-width-half-maximum is
as narrow as ~ 54 QOe.

The T dependence of 2°K is displayed in Fig.2.14 (a), where 2°K decreases upon cooling
with a peak at 6 K. This result resembles the 7' dependence of Pt-K1 and -K2. A K — y plot
reveals almost a linear relation, giving rise to Hy,s ~ 1.43 kOe/pip.
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plot.
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Nuclear spin-lattice relaxation time 7}

As shown in Fig.2.15, likewise the case for Pt-77, the recovery curve of the nuclear mag-
netization of 2°Si follows a single exponential form as presented by solid line in eq.(2.1). This
allows to deduce a single value of T;. Unfortunately, the 2?Si NMR spectrum is significantly
wiped out below 7y due to the appearance of the internal field associated with AFM order. So,
the 77 data are available only in the normal state.
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Figure 2.15: Typical recovery curve of 2°Si nuclei at 3.5 Kand H ~ 5 T.

The T dependencies of 1/7; and 1/77T are shown in Fig.2.16. In the T region higher than ~
10 K, 1/T; stays constantly: 4f derived magnetic fluctuations are in a localized regime. Below
10K, 1/T; crosses over to an itinerant regime where a 1/777 stays constantly down to Ty = 2.2
K. Together with the Pt-T; result, the HF state is formed below ~ 4 K. Unfortunately, since
the 2°Si-NMR spectrum disappears below 7y, the results on the AFM and SC states are not
obtained from the 2°Si-NMR measurement.
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2.4 Conclusion

The present NMR studies of %Pt and 2°Si in CePt3Si have clarified the novel electronic and
magnetic properties at the paramagnetic and antiferromagnetic state and a relevant new type of
heavy fermion superconducting state:

1.

The CEF energy separation is as small as AE; ~ 10-16 K, consistent with the neutron
result.

. The heavy fermion state is realized at temperatures below ~ 6 K.

. The magnetic excitations spectrum has the gap that depends on the magnetic field.

The HF quasi-particles remain in a gapless regime in a T region well below Ty, giving
rise to a 71T = const behavior.

. The application of magnetic field causes the reduction in size of magnetic gap and at the

same time the increase in spectral weight of quasi-particles at the Fermi level, having
some relevance with the presence of low-lying CEF levels.

. The Pt-7; measurements have probed the anomalies due to the onset of AFM and SC

orders, providing microscopic evidence for the coexistence of AFM and SC orders.

. CePt3Si is the first HF superconductor that reveals the peak in 1/T;T just below T¢ and

yet does not follow the T3 law that used to be reported in most unconventional HF super-
conductors.

In almost all previous studies on either conventional and unconventional superconductors,
it was assumed that the crystal has an inversion center, which makes it possible to consider
the even (spin-singlet) and odd (spin-triplet) components of the superconducting (SC) order
parameter (OP) separately. In the new AFM HF compound CePt3Si, however, an inversion
center is absent in its crystal symmetry. Therefore, the novel relaxation behaviors found below
Tc in CePt3Si have revealed that the new class of SC state is realized in CePt3Si without the
inversion symmetry. The experimental finding presented in this work deserves future theoretical
works to unravel the SC OP symmetry for the case where the inversion symmetry is absent in
general. A New field in the study on HFS is now open.
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Chapter 1

Introduction

1.1 Crystal structure

The filled skutterudite compounds with chemical formula RETx4Pny, (RE=Rare earth, Tx=Fe,
Ru or Os, Pn=P, As and Sb) crystallize in a unique body-centered-cubic structure of a space
group Im3 (T?, $204) of which (100) axes are not four-fold but two-fold.!:2

Figure 1.1: Crystal structure of the filled-skutterudite compound. It belongs to the space group
Im3 (T, 1204)%3

4l



1.2 Characteristics of filled-skutterudite compounds

Since rare earth atoms are surrounded by twelve pnictogen atoms in the crystal structure, 4 f
electrons hybridize significantly with conduction electrons,>which causes various novel phys-
ical phenomena such as magnetic order,*® quadrupole order,”'® metal-insulator transition
(MIT),'-13 Kondo insulating behavior,'#16 non-Fermi liquid behavior,*!-® superconduc-
tivity> 141924 and so on.?>

A crystal-electric-field (CEF) energy schemes are shown for Ce>* and Pr3* ions in the case
of a cubic symmetry in Fig.1.2. Pr’* ion is split into four energy levels such as Ty, '3, Ty,
and T'5 where I'z is the non-Kramers doublet. Cox proposed theoretically that if the ground
state is the non-Kramers doublet I's, the quadrupole interaction plays vital role: PrFe4P;, has
the I'; ground state and undergoes a Kondo like behavior below 100 K, followed by an anti-
ferroquadrupole ordering at 6.5 K. In magnetic fields higher than ~ 4 T, PrFe,P;; indicates a
heavy-fermion (HF) behavior with a heavy effective mass m; ~ 80myg. Furthermore, PrOs4Sb;,
reveals unconventional superconductivity, which is argued to be caused by quadrupole fluctua-

tions via the relevant non-Kramers doublet I'3 hybridized with conduction electrons.?*
J=7/2 (8) J=6 (13)
Ce®
J=5 (11)
I'g: quartet ~———— I'3: doublet
—— ['s : triplet
J=5/2 — r4: triplet
(6) ©) .
I';: doublet I';: singlet

Figure 1.2: Crystal electric field splitting for Ce>* and Pr3+.
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Table 1.1: Eigenfunction of cubic crystal electric field for Ce3t and Pr3+.2:26

IT1)  0.4564] —4) +0.7638|0) + 0.4564| + 4)
)

T 0.54(] +4) — | —4)) —0.6455| 0)
Pt ) 0.7071(] +2) — | —2))
It a(|+4)—|-4) +a(|+2)-|-2))
) a(+4—-4)+a(+2)—|-2))
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Figure 1.3: Charge distribution of 4 f state under cubic CEF. (a) Pr3* with J = 4. (b) Ce?* with
J=5/2.
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1.3 Outline

In this thesis we deal with RETx4Sb12 (RE=La, Ce, and Pr, Tx=Ru and Os) compounds.Their
physical properties (with Tx=Fe compounds) are shown in Tablel.2. In order to shed light on
novel superconducting (SC) characteristics of the HF superconductor PrOs4Sb1,, we have ex-
amined (1) the SC properties in PrRusSb;, and its reference LaRu4Sby2, (2) the quasi-particle
excitations in the SC state under magnetic field on PrOs4Sb;,, which allows us to address pos-
sibility of multi-components of SC order parameter revealed by the field dependence of thermal
conductivity and the double transition in the specific-heat measurement. Furthermore, we have
investigated the Kondo insulator CeOs4Sby, in order to compare the physical properties be-
tween the Ce>*(J = 5/2) system where the CEF states compose only of the Kramers doublet
and the Pr’t(J = 4) system where the CEF states involve the non-Kramers doublet and the
non-magnetic singlet.

Table 1.2: Physical properties of Pn=Sb based filled-skutterudite compounds. SC: supercon-
ducting, Semi-C: semiconducting, Semi-M: semimetallic, FM: ferromagnetic, AFM:
antiferromagnetic, HF: heavy fermion, NFL: non-Fermi liquid.4’ 14,24,27,28

La Ce Pr
LaFe4Sbis | CeFesSbyp | PrFe4Sby,
Fe non-SC Semi-M FM or AFM

(T >4K) HF TIc=5K
LaRu4Sb12 CeRu4Sb12 PI‘RU4Sb12
Ru SC Semi-M SC

Tc =3.58K NFL Tc=13K
LaOS4Sb12 CBOS4Sb12 PrOS4Sb 12
Os SC Semi-C HF-SC
Tc=074K | Eg=10K | Tc =1.85K
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Chapter 2

The Sb-NQR study of superconductor
Pl‘Rll4Sb12

2.1 Introduction

In the Pr-based filled-skutterudite compounds, PrOs4Sb;,, PrRusSby; and PrRusAs;, show
superconductivity.>3:> Among these compounds, PrOs;Sby is the first Pr-based superconduc-
tor that shows HF behavior.? Its HF state was inferred from the jump in the specific heat at
Tc, the slope of the upper critical field H., near Tc, and the electronic specific-heat coefficient
¥ ~ 350 — 500 mJ/mol K?. Various measurements such as magnetic susceptibility, thermody-
namic properties, and inelastic neutron scattering revealed the ground state of the Pr3* ions
in the cubic crystal electric field (CEF) to be either non-magnetic I'; doublet or I'; singlet.>~’
In the Pr-based compounds with the I'3 ground state, electric quadrupolar interactions play an
important role. In analogy with a quadrupolar Kondo model,? it was suggested that the HF-like
behavior exhibited by PrOs;Sby, may have something to do with a Pr-4 f2-derived quadrupolar
Kondo-lattice. If the ground state is the I'3, an interesting issue to be addressed is what role of
Pr-4 f2-derived quadrupolar fluctuations play in relevance with the onset of the superconductiv-
ity in this compound.

Meanwhile, we have reported the Sb-NQR results which evidence the HF behavior and the
unconventional SC characteristics in PrOs4Sby2.2 The T dependencies of 1/7; and nuclear-
quadrupole-resonance (NQR) frequency unraveled a low-lying CEF splitting below 7y ~ 10 K,
associated with the Pr>* (4 f2)-derived ground state. The analysis of 7 suggests the formation
of HF state below ~ 4 K. In the SC state, 1/77 shows neither a coherence peak just below
Te = 1.85 K nor a T3 like power-law behavior observed for anisotropic HF superconductors
with line-node gap. An isotropic energy-gap with A/kg = 4.8 K is suggested to open up already
below T* ~ 2.3 K. It is surprising that PrOs,Sb;, looks like an isotropic HF superconductor
— it may indeed argue for Cooper pairing via quadrupolar fluctuations. Also, PrRusSby, was
reported to undergo the SC transition at 7c = 1.3 K from the measurements of the electrical
resistivity and specific heat as well as LaRuySb;, with 7c = 3.58 K as shown in Fig.2.1 and
2.2.2 Tt can be informative to compare PrRusSbi; with PrOs4Sby, and the related La-based
superconductors as shown in Table 2.1.10
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Table 2.1: Comparison of the SC temperature 7¢, specific heat jump AC divided by Tc (AC/Tc).
Sommerfeld coefficient, and effective mass mg in RT4Sby, (R=La, Pr, T=Ru, Os).10

PrOssSbi; LaOs4Sby;  PrRugSbip LaRuySby;

Tc (K) 1.85 0.74 1.3 3.58
AC/T¢ (mJ/mol K?) 500 84 110 82
Sommerfeld coefficient (mJ/mol K?)  350~750 36, 56 59 37
m¢/mg for y-branch 7.6 2.8 1.6 1.4

The localized character of 4 f electrons, namely the closeness of the respective Fermi sur-
faces with those in LaRusSbq, and LaOs4Sby,, has been confirmed in PrRusSby; and PrOs4Sby,
from the de Haas-van Alphen (dHvA) experiment.!%!! On the contrary, the mass enhancement
in PrRusSbi, is much smaller than in PrOs4Sby;. For PrOssSby,, the CEF ground state was
inferred to be either the non-Kramers I'3 doublet or the I'y singlet.3‘7 Note that even though
either the case is possible, the low lying CEF-energy difference between them is very as small
as AEy; ~ 10 K, carrying quadrupole moments. By contrast, the ground state for PrRusSby,
is reported to be the I'y singlet which is far separated from the first CEF levels, estimated as
AE; ~70 K212

On the comparison in 7¢ with the La compounds, the two compounds have different trend,
T¢ for PrOs4Sby, is higher than that for La compounds, which is unusual if we take into account
that PrOs4Sb1, contains the magnetic element Pr ions. These remarkable differences in the
underlying CEF level scheme and hence electronic and SC characteristics between PrOs4Sby,
and PrRusSbj, may be ascribed to an intimate change in the hybridization strength of Pr-4f
state with conduction electrons comprising of respective Os4Sb;- and RusSbys-cage. In this
context, further light is indeed needed to be shed upon the SC and electronic characteristics in
the Pr-based superconductors.

In this chapter, we report the normal and SC properties in the filled-skutterudite compound
PrRuySby, and LaRu,Sby; via the measurements of NQR frequency vq and 77 of Sb nuclei.
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Figure 2.1: The T dependence of electrical resistivity for RERu4Sby, (RE = Pr, La).?
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2.2 Crystal Electric Field (CEF) Effect

The dHVA experiment revealed that the 4 f2 electrons for both PrRusSbi, and PrOs4Sbi»
have localized character, therefore, it is important to consider the CEF energy scheme and their
ground state.!%!! The CEF energy scheme for PrRusSby, are reported by the measurements
of electrical resistivity and magnetic susceptibility as shown in Fig.2.3. PrRusSby, has the
non-magnetic singlet I'y ground state where the separation of the ground state I'; and the first
excited state I's is reported to be about 70K.>12 The ultrasonic measurement also indicates that
the ground state of PrRuySby, is the Ty singlet.!3 Fig.2.3 also displays the CEF energy scheme
for PrOs4Sbys. There are two models on the CEF energy scheme for PrOs4Sbys. In either
case, a remarkable character in the CEF level scheme is that the energy separation between the
ground state and the first excited state is as small as AE; ~ 10 K, suggesting that both the states
are mixed one another via the hybridization with conduction electrons. Such the difference
in their CEF energy scheme might lead to the contrasted SC characteristics in PrOssSby, and
PrRu4Sb12.

J=6 (13)

| Scheme A Scheme B
|
I'; (120K) ! I'; (111K) I'; (313K)
Ts (90~120K) :
) AL, I T's (6K) I's (11K)
— I (0K) : I') (0K) I'5 (0K)
PrRugSbs PrOs4Sbyo

Figure 2.3: The CEF energy scheme for PrRusSby, and PI‘OS4Sb12.2’ 3,12

2.3 Sample preparation

Single crystals of PrRusSby, and LaRu4Sb, were grown by the Sb-flux method.2 The ob-
servation of the dHVA oscillations in both the compounds confirm the high quality of the sam-
ples.!! Measurement of ac-susceptibility confirmed the respective SC transitions at 7c = 1.3
K and 3.5 K for PrRusSby, and LaRusSbj,. The single crystal was crushed into powder for
the Sb-NQR measurement. The full-width-half-maximum (FWHM) in the NQR spectrum at
1238b 2v(, transition is as small as ~ 76 kHz at 4.2 K, proving the high quality of the sample.
The 1?1123Sb-NQR measurements were performed using the conventional saturation-recovery
method at zero field (H = 0).
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2.4 Results and Discussion

24.1 NQR spectrum

Fig.2.4 displays the 21:123Sb-NQR spectra at 4.2 K. Sb nuclei has two isotopes 21Sb and
123Sb. The respective nuclear spin I = 5/2 (121Sb) and 7/2 (23Sb) have natural abundance
57.3 and 42.7%, and nuclear gyromagnetic ratio Yy = 10.189 and 5.5175 [MHz/T], giving rise
to two and three NQR transitions.

121Sb

B 1238b

w
[9)

Y

v.1v
iL 2vgq Q

Intensity (arb. units)
o O e T ——
N
00 O ® oW > —-
o]

30 40 50 60 70
Frequency (MHz)

o0
S

Figure 2.4: 121Sb- and 1?>Sb-NQR spectra in PrRu4Sbys.

Table 2.2: Comparison of the vq for 121Sb and 123Sb, and asymmetric parameter 7 in RT4Sbi>
(R=La, Pr, T=Ru, Os).

PrOs4Sbip LaOssSbyp  PrRugSbi;  LaRuySbis

vq for 21Sb (MHz) 44.167 43.776 41.516 41.171
vq for 123Sb (MHz) 26.81 26.577 25.204 24.994
Asymmetric parameter 7] 0.459 0.450 0.402 0.406

Fig.2.5 (a) indicates the T dependencies of vo(T') derived from the 123Sb-2vQ transition in
PrRuySb;> and LaRuaSbi,. The inset indicates 6 vo(T) = vo(T )pr — VQ(T )La> Which subtracts
the common effect due to lattice expansion in both the compounds. vg(T) reveals a progressive
increase upon cooling below 7' ~ 70 K, which corresponds to the AE;. Note, as shown in Fig.2.5
(b), that the 6vo(T) = vq(T )pr — V(T )La in PrOs4Sby, was observed to be increased below
a temperature comparable to AE] ~ 10 K. From this comparison, AE; ~ 70 K is expected in
PrRu4Sby;. This is almost consistent with the value evaluated from the analysis of susceptibility
and resistivity.> 12
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Figure 2.5: (a) The T dependence of NQR frequency vg for PrRusSbyy and LaRuySby, at
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0vg = (vQ)pr — (VQ)La- (b) The T dependence of NQR frequency for PrOs;Sb;,
and LaOs4Sby, at 12>Sb-2vy, transition.® The Inset indicates §vg = (Vg )pr ~ (Vo )La-
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2.4.2 Nuclear spin-lattice relaxation time 7;

The recovery curve for nuclear magnetization at the +3 /2 < +5/2 NQR transition of 123Sb
nuclei (I = 7/2) is shown in Fig.2.6. For I = 7/2 and 1 = 0.45, it is given by 1>

M(oo) — M(2
—%—) = 0.075exp(—3.025¢/T1) +0.015exp (—8.55t/T1) +0.91exp (—17.305¢ /Ty )
(2.1)
% is well fitted by the above theoretical equation of the eq.(2.1) as presented by the

solid line in Fig.2.6.

i
120 140

s b el b da v B

Y 50 100 150 200 0 20 40 60 80 100
tau (msec) tau (msec)

Figure 2.6: Typical recovery curve of nuclear magnetization for 123Sb NQR at +3/2 < £5/2
transition at H = 0 in PrRusSby,. The solid lines are the least square fitting using

eq.(2.1)

Fig.2.7 presents the T dependencies of (1/71T) for PrRusSby; and LaRuySbi,. In the
normal state, T reveals a Korringa relation (1/T,T)p; = 1.73(sec - K)~! for PrRuySby,, being
comparable to (1/T1T )L, = 1.2(sec - K)~! for LaRugSby,. The 1/T1T = const law deviates at
temperatures higher than ~ 30 K in PrRusSby,. Since such a deviation is seen in LaRusSbq,
above ~ 25 K as well, these deviations are not derived by the presence of Pr>* ions, but may be
ascribed to a conduction-band derived effect inherent to the filled-skutterudite structure.

In the filled-skutterudite structure, a Pr atom forms in a body centered cubic structure, sur-
rounded by a cage of corner-sharing RusSby, octahedra. The cage might begin to stretch with
increasing T. This stretching motion of cage may be relevant to the decrease in a value of
1/T1T = const for PrRuySb;, and LaRuySby, and LaRu4P;,.16 The measurements of the dHVA
effect and the electronic specific heat for PrRusSby, and LaRusSby, revealed that the mass-
renormalization effect in the Fermi liquid state is not so significant in PrRusSb;;, suggesting
that Pr>T-4f? electrons are well localized in PrRusSby,. Note that the value of 1/7;T is pro-
portional to the square of the density of states N(EF) at the Fermi level. Also, it is scaled to the
T-linear electronic contribution ¥ of specific heat, giving rise to the relation of (1/777)'/? o< y.
Therefore, the change in value of (1/77T)'/? is directly related to a change of N(Eg) in systems.
Corroborated by the fact that the value of 1/T7T in PrRuySb;; is not so enhanced than that in
LaRuySby, with a ratio of [(1/TT)p:/(1/TiT)1a]'/?> = 1.44, we remark that the Pr3 — 42

63



10— ——— 3
Q -
O
)
~ ® PrRu,Sh,,
I: 01F O LaRu,Sb,, E
~ ]
00Tk ol v v vl -
1 10 100

Temperature (K)

Figure 2.7: The T dependence of 1/T1T for PrRusSby, and LaRusSby;. Solid lines are the fits
calculated based on the weak-coupling s-wave model assuming a size of isotropic
gap 2A/kgTc = 3.1 and 3.6 for PrRuySb, and LaRuySby,, respectively.

electrons with the I'; singlet as the ground state does not play a vital role for the electronic and
magnetic properties at low temperatures in PrRusSby;.

In the SC state for PrRuySbyy and LaRu4Sbyy, 1/T1T shows a distinct coherence peak,
followed by an exponential decrease below T¢ with an isotropic gap 2A/kgTc = 3.1 and 3.6, re-
spectively. These results demonstrate that PrRusSby, and LaRuySb, are typical weak-coupling
s-wave superconductors.

Fig.2.8 shows the T dependencies of 1/7; for PrRusSbi, and PrOssSbyp. From the com-
parison in the normal and SC states, it is clear that remarkable differences arise because the
quadrupole degree of freedom plays vital role in PrOs4Sby;, associated with either the Prt3-
412 derived non-Kramers doublet or the mixing effect between the non-magnetic ground state
and the very close first excited state via the hybridization with conduction electrons. In ei-
ther case, the quadrupole degree of freedom might play vital role in leading to the contrasted
SC characteristics in PrRuySb;, and PrOs4Sby,. It may indeed argue for Cooper pairing via
quadrupolar fluctuations in the latter case.
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2.5 Conclusion

To summarize, the electronic and SC properties in the Pr-based filled-skutterudite super-
conductor PrRuySby, with T = 1.3 K was investigated through the measurements of NQR fre-
quency Vg and 77 of Sb nuclei. The T dependence of vq has revealed the CEF energy scheme
for Pr** ion that is consistent with an energy separation AE; ~ 70 K between the ground state
and the first-excited level. In the normal state, the Korringa relation of (1/71T )p,=const is valid,
revealing a comparable value [(1/71T)p:/(1/Th T)ra]'/? ~ 1.44 with (1/T1T)La for LaRuySbys.
These results are understood in terms of the conventional Fermi-liquid picture in which the Pr-
412 state derives neither magnetic nor quadrupolar degrees of freedom at low temperatures. In
the SC state, 1/T; shows a distinct coherence peak just below T¢, followed by an exponen-
tial decrease with the value of 2A/kgTc = 3.1. These results demonstrate that PrRusSbyy is a
typical weak-coupling s-wave superconductor, in strong contrast with the heavy-fermion super-
conductor PrOs4Sby, that is in a unconventional strong coupling regime.” The present study on
PrRu,Sby, highlights that the Pr-4 f2 derived quadrupole fluctuations play a key role for the un-
conventional electronic and superconducting properties in PrOs4Sby,, which is caused by either
the non-magnetic doublet or the mixing effect between the non-magnetic ground state and the
closely lying first excited state via the hybridization with conduction electrons.
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Chapter 3

The Sb-NQR study of multiple SC phases
in heavy-fermion (HF) superconductor
PI'OS4Sb12

3.1 Introduction

A lot of superconductors, that form in the filled-Skutterudite structure, have been reported to
date.!”” Among them, only PrOs;Sby, indicates HF unconventional superconductivity.’ Mea-
surements of 123Sb-NQR T; revealed no coherence peak just below T¢, but the exponential
decrease in 1/71(T), suggesting that PrOs4Sby, belongs to a new class of unconventional su-
perconductor characterized by rather isotropic energy gap (see Fig.3.1 (a)).” Beside, Izawa et
al. have argued that PrOssSbi2 has gap zero nodes at point from the measurement of angu-
lar dependence of thermal conductivity under the rotation of magnetic field H.1° These results
suggest that the superconducting nature in PrOssSby; differs from Ce-based unconventional
superconductors with the gap function vanishing along line at the Fermi surface.!!~!

A remarkable evidence that PrOs4Sb1, has multiple SC phases is put forth from the angular
dependence of the thermal conductivity: A change in the structure of SC gap function occurs
a deep inside of the SC state and two distinct SC phases with two-fold and four-fold symme-
tries are present as shown in Fig.3.2 (a).1° Unexpectedly, a jump of specific heat C /T at Tc
indicates a sample dependence as shown in Fig.3.2 (b).!%1° One sample shows a broad peak at
TIc from which it is difficult to determine temperatures where double SC transitions take place,
but another one points to the clear double SC transitions. Note that the H dependence of T
obtained from the specific-heat measurements does not always correspond to the H dependence
of the temperature at which the thermal conductivity changes its angular variation with respect
to the rotation of H. In any case, however, these results point to the emergence of unconven-
tional SC phase in PrOssSbj,. In addition, the ZF-uSR measurement has revealed the broken
time-reversal-symmetry in the SC state.20

In this section, we report the Sb-NQR 77 measurements under various values of H in order
to gain an insight into the possible multiple SC phases under H in this compounds.
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3.2 Sample preparation

Two samples of PrOssSbi, were used. Both the samples were grown by Sb-flux method
using high-purity elements, 4N (99.99% pure)-Pr, 3N(or 4N)-Os, and 6N-Sb by Sugawara et
al..” Two samples differ in only a purity of Os element. The observation of dHvA oscillation
on the two samples assures their high quality.’

Table 3.1: The character of the sample A and B used for the Sb-NQR measurement

sample figuration Os purity

sample A ) 99.9%
sample B powdered single crystal 99.99%
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3.3 Results and Discussions

3.3.1 NOQR spectrum

Fig.3.3 displays the Sb-NQR spectra of 123’Sb—2vQ and 121Sb-va transitions at H = 0 and
0.2 T. The spectra exhibiting a Lorentzian shape at H = 0. With applying H, the spectrum
becomes broader due to a typical powder pattern affected by the nuclear quadrupole interac-

tion. 1/77 was measured at the transition equivalent to the NQR transition at which 1/7; was
measured at H = 0.
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Figure 3.3: The Sb-NQR spectra at 123Sb-2vq and 2!Sb-1vq transitions at H = 0 and 0.2 T.
Smeasure denotes the frequency where 77 was measured.
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3.3.2 Nuclear spin-lattice relaxation time 77

Magnetic field effect

The T dependence of 1/T; at various values of H are shown in Fig.3.4. First, we focus on
the T dependence of 1/7; below 0.5 K. 1/T; undergoes *1/T; = const’ behavior below 0.4 K
at H = 0. The value of 1/T; = const at H = 0.1 T becomes 10 times larger than the value
at H = 0. This result indicates that the behavior of 1/77 = const is not caused by some spin-
diffusion effect due to the inevitable contamination of magnetic impurities. If this was the case,
magnetic fluctuations are suppressed by applying magnetic field. Consequently, 1/7; would
continue to decrease than the value at H = 0. Therefore, the *1/7; = const’ behavior observed
at low temperatures is not due to the impurity effect, but an intrinsic behavior. As a matter of
fact, the 1/77 at 0.3 T indicates a behavior of 1/7;T = const below 0.5 K as shown by the solid
line of Fig.3.4. This may be associated with the relaxation process due to the vortex cores in
the SC mixed state.
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Figure 3.4: The T dependence of 1/T at H =0 T (closed circles), 0.1 T (open triangles), 0.3 T
(open circles). Solid line indicates 1/77T = const dependence.

Next, in order to uncover an origin of the anomaly in 1/7; near T¢, 1/T17 is plotted as a
function of temperature as shown in Fig.3.5. Here, in order to make any anomaly clear, the
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values of 1/T1T at H = 0.1 and 0.3 T are tentatively scaled up. 1/T;T starts to decrease below
Tc at H =0, and the anomaly just below T is not so significant if any. With increasing H, 1/T1 T
indicates no remarkable decrease at 7c ~ 1.49 K and 0.3 T, but a rapid decrease at T ~ 1.25 K.
Moreover, 1/T1T indicates a shoulder like anomaly around 1.1 K, followed by a rapid decrease
below ~ 0.8 K. From the 7; measurement, the anomalies relevant with the multiple SC phases
seem to be present in PrOs4Sby. This results will be compared with the result of the angular
dependence of thermal conductivity under the rotation of H later.
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Figure 3.5: The T dependence of 1/T1T at H =0 T (closed circles), 0.1 T (open triangles), and
0.3 T (open circles).

Sample dependence

Fig.3.6 (a) displays the T dependence of 1/T;T at the 123’Sb-2vQ transition for the sample A
and B which were prepared using a different purity of Os element. The two samples have almost
the same T ~ 1.82 K. Their 1/T1T exhibit nearly the same 7 dependence over a measured T
range, pointing to no significant sample dependence. However, a slight difference of 1/7; is
seen just below T. The detailed T dependencies of 1/77T on the sample A and B around Tc
are shown in Fig3.6 (b). Although, for the sample A, an anomaly in the T dependence of 1/T1T
is not so significant just below T¢, but for the sample B, it reveals a distinct anomaly just below
Tc.
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Phase diagram of ”multiple SC” states

A temperature at which the anomalies in 1/T;T are seen is plotted on the T — H phase dia-
gram extracted from the thermal-conductivity measurement as shown in Fig.3.7. The respective
temperatures where 1/7T begins to decrease, saturate and again decrease are plotted by marks
of open hexagons, open quadrangles, and open-star symbols. Remarkably, the temperature
below which 1 /T, T starts to decrease corresponds just to the phase boundary between the four-
fold point nodal state (A-phase) and two-fold point nodal state (B-phase). The anomaly at the
deep inside of B-phase is not understood yet. Further measurements are needed to clarify the
underlying SC phases in PrOs4Sb, including some vortex-lattice state in the SC mixed state.
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Figure 3.7: Magnetic field vs temperature phase diagram. The symbols of red open hexagons,
yellow open quadrangles, and green stars represent the temperatures at which 1 /77T
indicates anomalies as shown in the upper figure.
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3.4 Conclusion

The detailed measurements of 23Sb-NQR 77 under zero magnetic field and fields smaller
than the upper critical field have revealed the possible multiple SC phases in the first Pr-based
HF superconductor PrOs4Sb;>. The present results are summarized as follows;

1. The ’1/T = const’ behavior observed at H = 0 well below T¢ has been shown to be the
intrinsic behavior, suggesting that the ground state is not in a completely non-magnetic
regime in origin, but a slight mixing effect with the magnetic first excited CEF states.

2. 1/Ti T shows the marked reduction below T¢, consistent with the phase boundary between
the A-phase and the B-phase revealed by the thermal conductivity.

3. The second transition temperature has been found to appear at the deep inside of the
B-phase, although the origin of this anomaly is not understood yet.

4. The sample dependence of 1/T1T allows us to address how the multiple SC phases are
relevant with the character of electronic state.

Thus, PrOs4Sby; is classified as the novel type of HF superconductor that differs from
the unconventional Ce-based HF superconductors mediated by magnetic fluctuations. Rather,
PrOs4Sb;, may be mediated by Pr-4 2 derived quadrupole-fluctuations, leading to a novel kind
of HF superconductivity.
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Chapter 4

The Sb-NQR study of Kondo
semiconductor CeOs;Sb,»

4.1 Introduction

Filled-skutterudite compounds ReT4Pnj; (Re=rare earth; T=Fe,Ru and Os; Pn=pnictogen)
have attracted much attention because of their rich physical phenomena that are not fully under-
stood yet. For instance, PrFe,P, shows the heavy fermion (HF) like behavior with a large mass
of m* ~ 70 m, under magnetic field (H)! and undergoes an anomalous transition at a tempera-
ture T = 6.4 K at zero field H = 0, indicative of a quadrupole ordering.>* Note that the large
value in the specific heat C divided by temperature (7) C/T for this compound is due not only
to such low-energy degrees of freedom as either magnetic or quadrupolar fluctuations, but also
to the Schottky anomaly originating from some low-lying CEF splitting. PrOs4Sb1; is the first
Pr-based HF superconductor that reveals the large jump in the specific heat at Tc = 1.85 K, the
slope of the upper critical field near T¢, and the electronic specific-heat coefficient v ~ 350 — 500
mJ/mole K? in the normal state.’ In the Pr-based compounds with the non-Kramers doublet
(I'3) ground state, quadrupolar interactions play important role. In analogy with the quadrupo-
lar Kondo model,® it was suggested that the HF-like behavior exhibited by PrOs;Sb, may be
relevant to a quadrupolar Kondo lattice. An interesting issue to be addressed is what a role of
Pr3*-derived quadrupolar fluctuations play in relevance with the onset of the superconductivity
in this compound.’

By contrast, most Ce-based-filled-skutterudite compounds show a semiconducting behavior,
that is called a hybridization-gap semiconductor.® CeT4P1, (T = Fe, Ru and Os) compounds
have a hybridization gap of 400 ~ 1500 K, and the value of energy gap becomes smaller, as a
lattice constant increases.®® CeT4Sby compounds show a semi-metallic behavior. CeOssSb;,
is, on the one hand, suggested to exhibit a Kondo insulating behavior with a large value of
¥ ~ 92 mJ mol~'K~2 and a very small gap of about A/kg ~ 10 K at the Fermi level.!? Rare
earth ion is surrounded by twelve Sb atoms that are strongly hybridized with nearly localized
4f electrons. The band calculations on CeOs4Sby, unraveled a unique band structure where
no band gap is formed at the Fermi level.!! Electrical resistivity measurement under pressure
suggests that a hopping conductivity mechanism is realized at low temperatures.'? Furthermore,
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CeOs4Sby, was reported to exhibit an anomaly around 7 ~ 1 K. An entropy release below this
temperature is not large enough to arise from some intrinsic phase transition, but indicative of
some impurity effect.!® On the other hand, the measurement of specific heat under H suggests

an onset of the phase transition below 7' ~ 1 K.13
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Figure 4.1:
dependence of C/T under various values of magnetic field."?

Here we report the novel magnetic phase transition in CeOssSby, that emerges at T = 0.9
K on the verge of antiferromagnetic (AFM) quantum critical point (QCP) via the measurements

of 1/T1 and NQR spectrum of Sb nuclei.
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4.2 Crystal Electric Field

Bauer et al. proposed a CEF energy scheme via the measurement of magnetic susceptibility
as shown in Fig.4.2.10 The ground state is the magnetic doublet I';, and the first excited state
is the quartet I'y. The separation between the ground state and the excited state is estimated as
AE; ~327K.10

J=7/2 (8)

e [+ quiATtEt

’ 1 1 ] L
0 100 200 300 AE, ~ 327K

I'; : doublet

Figure 4.2: Left Figure : The T dependence of ¥ ~!. The solid line shows a theoretical fit
assuming a cubic CEF model for Ce3*. Right Figure : The CEF energy scheme for
CeOs4Sbiz. AE; ~ 327 K is evaluated to be consistent with the data of magnetic
susceptibility as shown in left figure.°

4.3 Sample preparation

Single crystal of CeOs;Sb;, was grown by the Sb-flux method described elsewhere.!? The
Sb-NQR measurement on the single crystal, that was crushed into powder, was made using a
conventional spin-echo method at H = 0 and in the range of T = 0.2 — 300 K using a >He-*He-
dilution refrigerator.
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4.4 Results and Discussion

4.4.1 NQR spectrum

Fig.4.3 shows '?1Sb and 2>Sb NQR spectra for CeOs;Sbys at T = 4.2 K. Since '2!Sb
(123Sb) has the nuclear spinI =5/2 (7/2), two (three) NQR transitions are observed as indicated
in Fig.4.3. From the values of respective ?!Sb and ?>Sb NQR frequencies, ?!vq ~ 43.861
MHz and v ~ 26.630 MHz are estimated together with 1 ~ 0.463. These values are al-
most equivalent with those in PrOs4Sby; as shown in Table 4.1. The full-width-half-maximum

(FWHM) in the NQR spectrum is as small as ~ 65 kHz at 4.2 K, proving a high quality of the
sample.
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Figure 4.3: 121Sb- and '23Sb-NQR spectra for CeOs4Sby, at T = 4.2 K.

Table 4.1: NQR frequency v and asymmetric parameter 7} for LaOssSbyz, CeOssSbyo and
PI‘OS4Sb12.14

LaOssSbi; CeOssSbi;  PrOssSbyp

2lyy (MHz) 43.776 43.847 44.167
123y4 (MHz) 26.577 26.628 26.81
Asymmetric parameter 1 0.450 0.463 0.459
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4.4.2 Nuclear spin-lattice relaxation time 7;

1/Ty was measured at the '2!Sb-2vy(£3/2 < +5/2 transition) and 23Sb-2vq. Fig.4.4
displays the recovery curve of magnetization 2!Sb (I = 5/2) and '23Sb (I =7/2) NQR magne-

tization , that is given in the case of 1 = 0.45 by!>16
forI =5/2:
M (o) — M(t
M) — Mt) = 0.375exp(—3¢/T1) +0.625exp(—8.8¢/T1)) “4.1)
M(e)
for I =7/2:
M(eo)—M
—gﬁ)(—)—(ﬂ = 0.075exp(—3.025¢/T1) +0.015exp(—8.55¢ /Ty ) + 0.91 exp(—17.305¢ / T} )
4.2)
1 I n | 3 ' T 1 l ‘ E
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Figure 4.4: Typical recovery curve of NQR magnetization at 121Sb-2vQ and 123Sb-2vQ NQR
transitions at H = 0 in CeOs4Sby,. The solid lines are the least square fits calculated
from eq.(4.1) and eq.(4.2).

The 1/T; of 23Sb-2vq at +3/2 «» £5/2 transition is displayed in Fig.4.5. The 1/T}
in the range of 7 = 200 — 300 K markedly decreases, following 1/7} «< exp(—A/kgT) with
A/kg ~ 330 K. This exponential decrease in 1/7} coincides with the energy splitting A/kg ~
327 between the CEF ground state I'; and the first excited state I's. Here A/kg ~ 327 K is
estimated from the result of magnetic susceptibility measurement.!® With further decreasing
T, 1/T starts to deviate from the exponential behavior below T = 150 K, followed by a be-
havior of 1/TiT = const in the range of 7 = 25 — 50 K as shown in the inset of Fig.4.5.
This shows that Fermi liquid state is realized in a low 7 regime below 50K. Note that the
relaxation mechanism at low 7 is confirmed to be magnetic in origin from the relation of
2(1/1) /" (1/T1) = (**3y /' w)? where J is the gyromagnetic ratio as shown in Fig.4.6
(a).

Most remarkably, the T dependence of 1/T; obeys a relation of (1/7) «< +/T) below T =
25 K. The self-consistent renormalization (SCR) theory for spin fluctuations in itinerant AFM
metals was successfully applied to the case for HF systems which are closely located to an AFM
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Figure 4.5: The T dependence of 1231 /Th at 123Sb-2vQ transition for CeOs4Sbyp at H = 0. The
solid line is a fit to the relation of 1/7} o« T /(T — Ty)'/? with Ty ~ 0.06 K that
is consistent with the SCR theory for three dimensional itinerant weekly antiferro-
magnetic metals.!7"1® The dashed line below Tspw ~ 0.9 K is a fit to an activated
relation of 1/7; o< exp(—A/kgT) with A/kg ~ 1.83 K.
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instability.!”-1° In this case, it is predicted that 1 /T; obeys the relation of

R =
because of the Currie-Weiss law of the staggered susceptibility yo(7') e 1/(T — Ty) with an
AFM ordering temperature Ty. Therefore, note that 1/7; < /T is valid in the case of Ty ~ 0
at the vicinity of an AFM QCP. In order to see clearly this T dependence of 1/T; =< /T in
T =1.3—25K, (T;T)? is plotted in Fig.4.6 (b) as a function of T. From this plot, the relation
(T1T)? o (T — 1Ty) is valid with Tiy ~ 0.06 K in the range of T = 1.3 — 25 K. Interestingly,
CeOs4Sbq; is demonstrated to be on the verge of antiferromagnetism.
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Figure 4.6: (a) The T dependence of (1/T1)/% . (b) Y2*(TyT)? vs T plot. Solid line is a fit to
the relation of (717)? « (T — Ty) with Ty ~ 0.06 K in terms of the SCR theory (see
the text).

With further decreasing 7', a dramatic decrease in 1/7; is observed at T ~ 0.9 K, unex-
pectedly from an estimation of Ty ~ 0.06 K” expected from the T dependence in the stag-
gered susceptibility yo(T') as argued above. Fig.4.7 shows the detailed T dependence of 1/T1T
around T ~ 0.9 K. It should be noted that 1/7;T indicates a clear hysteresis upon cooling and
heating. This result is indicative of a first-order phase transition emerging at 7 ~ 0.9 K, that
is also corroborated by the measurement of the 7' dependence in NQR spectral shape as shown
later.
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4.4.3 Analysis of spectrum shape

Fig.4.8 (a) indicates the T dependence of NQR spectrum at 123Sb-2v(, transition below 4.2
K. Above 0.9 K, it exhibits a distinct Lorentzian shape with a small value of FWHM about 65
kHz. With decreasing T below 0.9 K, it starts to broaden as clearly seen in the figure, and at
the same time, 1/7; is markedly decreased. The data are consistent with such the activation
type of behavior as 1/T; «< exp(—A/kgT) with a gap size of A/kp ~ 1.83 K. These results
give evidence for a magnetic phase transition below 0.9 K, accompanying the small gap at the
Fermi level. Note that the tail in the NQR spectrum is significantly increased and makes the
NQR spectral shape deviate from the Lorentzian type. Such the shape of the NQR spectrum
at low T reveals a wide distribution of the internal fields at the Sb nuclei associated with the
onset of magnetic order, indicative of a spin-density-wave (SDW) type of ordering triggered by
a nesting of the Fermi surface. Furthermore, the T dependence of FWHM in NQR spectrum
shows a hysteresis upon cooling and heating as indicated in Fig.4.8 (b). This result suggests that
the first-order transition sets in below Tspw = 0.9 K, consistent with the hysteresis observed in
the T dependence in 1/77. The present results on CeOs4Sb;, have unraveled that the magnetic
phase transition near the AFM QCP is of the first order type. It seems to deserve theoretical
study on what physics is behind the AFM QCP in f-electrons derived correlated band realized
in HF systems in general.
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Figure 4.8: (a) The T dependence of the NQR spectrum of 123Sb—2vQ transition. (b) The T
dependence of FWHM upon cooling (closed circle) and heating (open circle).
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4.5 Conclusion

In summary, by means of the measurements of 1/77 and NQR spectrum of Sb nuclei, we
have demonstrated that CeOs4Sby; is closely located to the AFM QCP. Even in such a situation,
a remarkable finding is that the SDW type of magnetic phase transition, that is of the first order
type, occurs at 7 = 0.9 K, possibly triggered by the nesting effect of the Fermi surface. The
present result, we believe, deserves theoretical study on the physics behind the AFM QCP
realized in HF systems in general.
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