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Abstract

1. Background and purpose

In rare-earth compounds, a quantum phase transition at zero temperature occurs between a
magnetically ordered state and a paramagnetic one by passing through a quantum critical point
(QCP). The QCP in 4f electron systems can be reached by tuning the balance between the on-
site Kondo effect and the intersite Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction by
adjusting chemical composition, pressure, and magnetic field. Recently, an additional tuning
parameter (O, magnetic frustration, was introduced to describe the unconventional quantum
criticality in metallic 4f compounds. The magnetic frustration induced by geometrical
frustration has been studied in antiferromagnets with a triangular lattice. It can’t be satisfied
that all the three spins can be antiparallel due to the antiferromagnetic (AFM) interaction. In
these systems, highly correlated spin fluctuation down to zero temperature leads to the
formation of a spin liquid state in which the spins are highly entangled with each other and
simultaneously point in many directions. A Kondo lattice of Ce and Yb atoms with the kagome
like geometry is expected to have an unconventional QCP, which is caused by the interplay
among Kondo effect, RKKY-interaction, and magnetic frustration. A long-range AFM order
can be induced from the spin liquid state by either destruction of the symmetry of frustrated
structure or the breakdown of Kondo screening.

In addition to the geometrical origin, the correlated electron systems with well separated
one-dimensional spin chains are expected to exhibit the magnetic frustration driven by a
delicate balance between n-th nearest neighbor interactions along the chain. In the relevant Yb-
based intermetallics, anomalous low-temperature phenomena have been suggested to be related
to the chain-like configuration of the Yb ions. Therefore, the ground state of metallic Ce-based
compounds with one-dimensional Ce chains deserves to be explored.

In order to study the quantum criticality in geometrically frustrated Kondo lattice
compounds and the low-temperature properties of one-dimensional compounds, we have
chosen Ce-based compounds, CeRhSn and CePd3Sn;, respectively. CeRhSn crystallizes in the
hexagonal ZrNiAl-type structure with a quasikagome lattice of Ce atoms in the basal ¢ plane.

The Ce atom has nearest neighbors of four Rh2 atoms out of the plane. The strong hybridization



between the Ce 4f state and the 4d band from Rh2 atoms leads to a high Kondo temperature
Tx ~ 200 K. A zero-field quantum critical point has been suggested by divergences in the
specific heat coefficient C/7, magnetic susceptibility y, and magnetic Griineisen parameter. The
anisotropic thermal expansion displays the critical behavior only along the a axis. The spin-flop
crossover in the field dependence of C/T was observed near the magnetic field of B || a =3.5 T.
These experimental facts suggested that CeRhSn is located very close to a QCP due to the
geometrical frustration.

By the present PhD work, a new ternary stannide CePd3Sn; has been discovered. It is found
to crystallize in the orthorhombic structure with one-dimensional chains of the shortest Ce-Ce
distance along the b axis. In a few antiferromagnets with one-dimensional Ce chains, short-
range correlations in the Ce chain have been claimed. For example, in an orthorhombic
compound CePtsGes, AFM short-range correlations manifest themselves as a pronounced tail
in the C(T) above the three-dimensional long-range ordering temperature 7n = 1.1 K. On the
contrary, CePds;In> which is isostructural with CePd3Snz> orders antiferromagnetically at
T~ = 2.1 K where the magnetic entropy Sm is less than 0.8RIn2. The reduction of Sy, from RIn2
was attributed to the Kondo effect with 7x ~ 2 K. An aluminide CePd;Al> also shows an
extended tail in C/T prior to the AFM order at 7n = 1.1 K, which was regarded as the result of
the enhanced Kondo effect with 7x ~ 5.5 K.

The present work is aimed to clarify whether or not the quantum critical behavior in CeRhSn
is driven by the geometrical frustration in the quasikagome lattice. For this purpose, we have
substituted Pd for Rh and conducted measurements of magnetic, transport, and specific heat
down to 0.03 K. In the substituted system CeRh; Pd.Sn, a magnetic order is expected to be
induced by the destruction of local symmetry of the frustrated lattice and/or the suppression of
hybridization between the 4f orbitals and Rh 4d orbitals due to the additional 4d electron.

Another purpose of this work is to study the effect of short-range correlations in the systems
with a chain of Ce atoms. For this purpose, we focus on a new compound CePd3;Sn>. We have
determined its crystal structure from single crystal x-ray diffraction and conducted the

measurements of transport, magnetic, and thermal properties.

2. Quantum criticality and development of AFM order in CeRhiPd.Sn with a
quasikagome Ce lattice

In order to study how the frustrated ground state of CeRhSn is changed with substitution of
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Pd for Rh, we have prepared samples of CeRhi .Pd,Sn and measured the electrical resistivity
p, magnetization M, magnetic susceptibilities ydc and yac, and specific heat C. Polycrystalline
samples of CeRh;_,Pd,Sn were prepared by the arc-melting method. With the increase in x from
0 to 0.75, the hexagonal a parameter linearly increases while the ¢ parameter deviates from the
Vegard’s law. The polycrystalline samples are composed of grains preferentially oriented along
the ¢ axis. Along this direction, the electric current / and magnetic field B were applied in the
measurements of resistivity and magnetization, respectively.

With Pd substitution, the change in the 4f state from a delocalized state to a localized one
manifests itself in y(7) and isothermal M(B). For x = 0, the large and negative value of
paramagnetic Curie temperature 6, and the small effective magnetic moment et are
characteristics of a valence fluctuating Ce compound. For x > 0.65, ue.fr increases nearly to the
value for a free Ce*> ion. For x = 0.75, y(T) exhibits a peak at 3 K, suggesting an AFM order.
The AFM order is corroborated by a spin-flop like behaviour in M(B), which reaches a saturated
value of 1.4 up/Ce at 5 T. Emergence of a magnetic order in CeRh;_Pd.Sn for x = 0.1 has been
observed in temperature dependence of C/T. It exhibits —log7 dependence which is followed
by a maximum at 0.1 K. As x increases from 0.2 to 0.4, the temperature at the maximum of C/T
gradually increases to 0.7 K. It is noteworthy that the maximum temperature for each x agrees
with the maximum temperature of yac(7). The magnetic entropy S(7) curves for x = 0.65 and
0.75 are saturated to RIn2 at 10 K, confirming the doublet ground state of the localized 4f state
under the crystal field.

For studying the emergence of AFM order for x = 0.1 in more detail, single crystals with
x =0 and 0.1 were prepared by the Czochralski method. Crystals oriented along the a and ¢
axes were used for the measurements of temperature- and magnetic-field dependences of
xac(T, B), yae(T, B), and electrical resistivity p(7, B). The data of ya.(7) with x = 0.1 shows a
maximum at 0.15 K, close to the temperature at maximum in C(7). The field dependence of
Yac(B || @) for x = 0 exhibits a metamagnetic crossover at 3.5 T in agreement with the field
dependence of C/T, which indicates the destruction of frustration among Ce moments in the ¢
plane. For x = 0.1, the large anisotropy of p(7), p(I || a) >> p(I || ¢), is maintained. Both p(/ || a)
and p(/ || ¢) show a continuous increase, which is attributed to the loss of coherent scattering.
The large anisotropy ye(7) >> yu«(T) for x = 0 is maintained for x = 0.1. The positive
magnetoresistance (MR) for x = 0 is the characteristic of coherent Kondo lattice compounds.

On the contrary, MRs for x = 0.1 are all negative, which is the behavior of incoherent Kondo
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lattice. The absolute value for /|| B || ¢ at 8 T is approximately 5 times larger than that for
I|| B || a, which is consistent with that of M(B || ¢) = SM(B || a). The magnetic and transport
properties for the single crystal with x = 0.1 show that the magnetic frustration and Kondo effect
for x = 0 are both suppressed. As a result, an AFM order is induced at x = 0.1, leaving the

quantum critical point at x = 0.

3. Antiferromagnetic short-range correlations in CePd3Sn2 with one-dimensional Ce

chains

A new ternary stannide CePd3Snz has been discovered in the present work. Single crystal
x-ray diffraction analysis revealed that it crystallizes in the orthorhombic structure with one-
dimensional Ce chains running along the b axis. The measurements of C, y, M, and p on
polycrystalline samples were performed to explore the ground state properties of CePd3Sn,.

The p(T) data show a metallic behavior with an obvious drop at 0.6 K, indicating a magnetic
phase transition. The magnetic contribution pm does not exhibit any sign of Kondo scattering.
A maximum in y(7) at 0.6 K suggests an AFM order. The isothermal magnetization M(B) at
0.5 K bends at around 4 T and reaches 1.2 ug/Ce at 10 T. A sharp peak at 0.6 K in C(7) agrees
with that of the peak in dp/dT. Because no Kondo effect was observed in pm(T), we attribute
the tail from 0.6 K up to 3 K in C(7) to AFM short-range correlations inherent in one-

dimensional systems.
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Chapter 1

Introduction

1.1 4f-electron systems

In the periodic table, the lanthanides from Ce (Z = 58) to Lu (Z = 71), where Z represents
the atomic number, have the 4f shell. The 4f shell is occupied by up to fourteen electrons by
following the Hund rule. In the case of partially filled 4f shell, the coupling between the total
angular momentum L and the total spin momentum S provides the total momentum J = |L £ 5|,
leading to a magnetic moment = gy [J (J + 1)]"2. Therefore, the 4f electrons are responsible
for the magnetic properties of rare-earth compounds. The 4f electrons are well localized due to
the deep distribution of 4f electrons wave function inside the closed 5s and 5p shells [1], as
shown in the Fig. 1.1. In Ce-based intermetallic compounds, however, the tail of the wave
function of the 4f electron overlaps those of ligand electrons, leading to the hybridization
between 4f electrons and conduction electrons.

In Ce-based intermetallic compounds, the exchange coupling between the localized 4f
electron and conduction electrons governs the competition between the Kondo effect and the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [2, 3, 4]. When the magnetic ordering is
quenched by the Kondo effect, the system reaches a quantum critical point at zero temperature.
For compound with Ce atoms in a geometrically frustrated lattice, we expect unconventional
quantum criticality where a spin liquid state competes or cooperates with a Kondo singlet state

[55 65 75 8]



1.2 Quantum criticality

1.2.1 Kondo effect and RKKY interaction
Kondo effect

The electrical resistivity p(7) of metals slightly doped with d or f electron elements usually
exhibits a minimum followed by a continuous increase in proportional to —In7 [9, 10]. It is
attributed to the scattering of conduction electrons by the exchange interaction with localized
magnetic moments of isolated magnetic impurities. The mechanism of this phenomenon has

been explained by the s-d exchange model described as

H= &clyous +J5 50, (L1)
ko

where & is the kinetic energy of conduction electrons, CZU and cg, are creation and
annihilation operators for conduction electrons, .J is the coupling between conduction electrons
and localized moment, S is the localized spin of magnetic impurity, and so is the spin density of
conduction electrons at the position of the impurity. On the scattering, the spin flip happens
simultaneously for both the conduction electron and magnetic impurity. The calculation for its

second order perturbation [11, 12] reveals the logarithmic temperature dependence of o(7) as
p(T) = ps (1+2/Dc (E)ln25)), (1.2)

where D¢(EF)is the conduction electron density at the Fermi energy Er and W is the band width.

The minimum of p(7) can be well explained by combining with the term from phonon scattering

AT®. On cooling, the localized moment is gradually screened by conduction electrons, then the

Kondo singlet forms below the Kondo temperature

Tx = il ! 1.3
<= 5o (o) (-2

RKKY interaction

In a Kondo lattice system [13], the magnetic ions such as Ce ions are periodically arranged
in the lattice. At low temperatures, the intersite interaction of Kondo clouds become important.
There is an indirect exchange interaction between localized moments mediated by conduction
electrons, known as the RKKY interaction [13, 14, 15]. A localized magnetic moment polarizes
the spins of conduction electrons and this polarization couples to anothor neighbouring

localized magnetic moment. The RKKY interaction is described as



Lj

—2kgR;j cos(2kgR;;) + sin(2kgR;;)

where J(R;j) expresses the interaction between the localized spins S; and §; at a distance Rjj. As
shown in Fig. 1.2, the J(R;) has an oscillatory dependence from positive sign to negative one
on Rj;, representing the ferromagnetic and antiferromagnetic interactions, respectively [1]. The

characteristic temperature Trxky [16] is given by

2
Tasr ~ = Do) (16)
In a 4f electron system, the c-f'exchange interaction [17] is express as
<|V|? >
Jep & Er L, (1.7)

where V is the hybridization matrix element and E4ris the energy of the 4flevel with respect to
EF.
Doniach phase diagram

In a Kondo lattice system, the Kondo interaction screens the localized moments by the spin
polarization of conduction electrons, while the RKKY interaction stabilizes the long-range
magnetic order among the localized moments. The two interactions exhibit different
dependence on J. The competition between the two leads to various ground states described by
the Doniach phase diagram [16], as shown in Fig. 1.3.

In the regime of small J, Trkxy 1s smaller than 7k and a magnetic order is expected to occur,
which usually is an AFM order. In the regime of large J, Tk exceeds Trkky, then a coherent
Kondo state is constructed and the system behaves as a Fermi liquid [18, 19, 20, 21, 22]. At
J=J., the system reaches a quantum critical point (QCP), exhibiting a non-Fermi-liquid (NFL)
behavior [2, 3, 4, 23].



Atomic Charge Density (arb. units)

Distance (a.u.)

Figure 1.1: Radial distribution of atomic charge density for Ce [1].

J(R;)

Figure 1.2: The indirect exchange interaction J(Rj) as a function of the distance R;; between
the localized spins S; and S;[1].

Temperature

Ty

Fermiliquid |y D (E:)|

Magnetic order )
Quantum critical point (QCP)
Figure 1.3: Doniach phase diagram for the Kondo lattice system [16]. The characteristic
temperatures of Kondo effect and RKKY interaction, 7k and Trkky, are shown by dotted and
broken lines, respectively. The antiferromagnetic temperature 7 is shown by the solid line.



1.2.2  Geometrical frustration and spin liquid

Geometrical frustration

In condensed matter physics, magnetic frustration arises from competing magnetic
interactions among localized magnetic moments while can not be simultaneously satisfied.
Such a phenomenon starts to be studied through antiferromagnets with geometrical origin. The
classical example is a triangular spin lattice, where the nearest neighbors prefer to be anti-
aligned, while three spins can not be all antiparallel. In an insulating system with a
geometrically frustrated structure, spin-spin interactions act between the nearest and next
nearest neighbors [24, 25]. In metallic systems, however, the interaction between localized
moments is carried by conduction electrons. Therefore, the longer ranged interaction may make
the magnetism partially frustrated [26, 27, 28]. On the other hand, the size of local magnetic
moments in insulators is constant, while in metallic systems, the frustration can be suppressed
and quenched with reducing the moments by the screening of conduction electrons. The
geometrical frustration in metallic systems has been studied in the compounds with triangular
[29, 30, 31, 32, 33], kagome [34, 35, 36, 37], Shastry-Sutherland [38, 39, 40, 41], and
pyrochlore lattices [42, 43, 44, 45, 46]. As shown in Fig. 1.4, a § = 1/2 kagome two-dimensional
lattice includes the nearest neighbor AFM interaction J; and the next nearest neighbor
ferromagnetic (FM) coupling J> [6]. For example, Ce ions in a heavy-fermion antiferromagnet
CePdAl form a quasikagome lattice. Only two thirds of Ce moments participate in a long-range
AFM order and the other remain paramagnetic due to the geometrical frustration within the
quasikagome lattice [47, 48]. On the checker-board array in a Sharstry-Sutherland lattice, the
competition exists between the alternating diagonal AFM interaction Ji and the nearest
neighbor interaction J>. The antiferromagnetic order is destroyed when the ratio Ji//> is large
[6]. In a three-dimensional pyrochlore lattice, the FM interaction between the nearest neighbors
is frustrated due to the different Ising axes of the spins along local <111> axis [25].
Spin liquid

In geometrically frustrated magnets, the competing magnetic interactions lead to spin
fluctuations. The degree of frustration in insulating systems is measured by a frustration
parameter = |6,|/Tc [25], where 6, is the paramagnetic Curie-Weiss temperature and 7. is the
temperature at which the spins order. For large size spins, at low temperatures, the fluctuation
is driven by thermal energy and spins point to random directions with time. For small spins like

S = 1/2, the zero-point motion in quantum mechanics maintains down to absolute zero



temperature. If the quantum fluctuations are coherent, a quantum spin liquid forms, whereby

the spins are highly entangled with each other and simultaneously point to many directions.

Figure 1.4: The geometrical frustrated S = 1/2 Kagome lattice with the nearest neighbor
antiferromagnetic interaction Ji and the next nearest neighbor ferromagnetic coupling .J>.
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Spin Liquid
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paramagnet
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Figure 1.5: OK phase diagram of the frustrated Kondo lattice system constituted by Doniach
axis K ~ Tx/J" and frustration axis Q. The spin liquid metal and heavy Fermi liquid are
separated by a zero-temperature quantum phase transition [6].




OK diagram

Recently, an additional tuning parameter O, which represents the quantum zero-point
motion of spins induced by magnetic frustration, was introduced to describe the unconventional
quantum criticality in the geometrically frustrated Kondo lattice. In this system, a spin liquid
state competes with a Kondo singlet state due to the interplay among the RKKY-interaction,
Kondo effect, and magnetic frustration. Hence, a long-range AFM order can be induced by
either destruction of symmetry of frustrated structure or breakdown of Kondo screening. As
shown in Fig. 1.5 [6], the horizontal axis is the Doniach axis K ~ Tx/J", where Tk is Kondo
temperature and J represents the strength of RKKY interaction. The vertical axis is the
frustration axis Q. The boundary of AFM phase is connected by two QCPs at Q. and K.. For
large K > K. and small Q, the system reaches a heavy Fermi liquid state with a large Fermi
surface. For small K and large Q > O, however, the localized spins form a metallic spin liquid

with a small Fermi surface.



1.2.3  Substitution effects and pressure effects on frustrated Kondo lattice

compounds

A tuning parameter of the frustrated Kondo lattice systems is the parameter K, which is
controlled by the c-f exhange interaction J,. Hence, adjusting the magnitude of c-f
hybridyzation by substitution is one method to change among different ground states. For a
quasikagome Kondo lattice CePdAl, which antiferromagnetically orders at 2.7 K, substituting
an isovalent element Ni for Pd in CePd;-,Ni:Al decreases the lattice parameter and thus
enhances the c-f hybridyzation [49, 50, 51, 52, 53]. Thereby, the AFM order is completely
suppressed at x = 0.144 . The ratio |6p|/Tn increases with x as the Kondo effect surpasses the
RKKY interaction. An opposite crossing of a QCP occurs in the isostructural alloy system
CeRhi-PdiIn. With increasing x, a valence-fluctuating state in CeRhIn changes to an AFM
heavy fermion state [54]. An AFM order appears only at a very high content x = 0.8 at
In=0.65 K, which rises to 1.7 K for x = 1. The crossing of the QCP is thought to be driven by
the increase in the 4d-electron number. Thereby, the 4flevel deepens from the Fermi level and
thus weakens the hybridization between the Ce 4f state and Rh/Pd 4d states [54].

If application of pressure on the frustrated Kondo lattice could release the geometrical
frustration without changing the Kondo coupling, the decrease in the tuning parameter Q may
induce a long-range magnetic order or enhance the ordering temperature. For example, a heavy
fermion antiferromagnet YbAgGe crystallizes in hexagonal ZrNiAl-type structure with a
quasikagome lattice formed by Yb atoms in the ¢ plane as shown in Fig. 1.6 [55, 56, 57].
Figure 1.7 shows the electrical resistivity p, magnetic susceptibility y, and specific heat C,
indicating two magnetic transitions at 7m1 = 0.8 K (a second order) and 7m2 = 0.65 K (a first
order) [58]. The second-order magnetic transiton at 7w is manifested in the decreases in p(I || a)
and p(I || ¢), a broad anomaly in y(7) in field B || a, and a peak in C(7). The hysteresis behaviors
in both p(I || a) and p(I || ¢) and a sudden drop in y(7) in field B || a = 0.4 T suggest that the
magnetic transition at 7m2 is the first order. As shown in Fig. 1.8, the two magnetic transitons
in C(T) merge into one second-order transition at 7 at 1.6 GPa under hydrastatic pressure. As
shown in Fig. 1.9, Tm and Sm both increase with increasing the pressure up to 3.22 GPa, while
Tk keeps the constant value at 10 K. The origin of enhanced AFM order above 1.6 GPa is

thought to be the release of magnetic frustration in the quasikagome lattice [59].



Figure 1.6: Crystal structure of YbAgGe along the hexagonal ¢ axis. Yb atoms form a
quasikagome lattice in the c plane [59].
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Figure 1.7: Temperature dependence of electrical resistivity p(7), magnetic susceptibility
x(T), and specific heat C(T) for YbAgGe. Vertical arrows indicate the magnetic ordering
temperatures [58].
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1.2.4 Quantum criticality in the quasikagome Kondo lattice CePdAl

A well-studied heavy fermion antiferromagnet with a quasikagome lattice is CePdAl as
shown in Fig. 1.10 [47, 48, 49, 60]. The nearly trivalent Ce ions occupy the 3f site in the
hexagonal ZrNiAl-type structure with no inversion symmetry [61, 62]. The Ce ion has a
localized Ising moment of 1.6 ug along the ¢ axis. Below Tn = 2.7 K, a partially ordered
magentic state was revealed by neutron diffraction measurements on powder samples [47]. Ce
ions in the quasikagome lattice interact with the nearest neighbors by a FM interaction J; and
with the next neighbors by an AFM interaction J>. The FM chains formed by Ce (1) and Ce (3)
are seperated by non-ordered Ce (2). Therefore, in single quasikagome layer, the two thirds of
Ce moments participate in the long-range AFM order, the others remain paramagnetic. In three
dimensional magnetic structure shown in Fig. 1.11, the 2D AFM ordered planes of Ce (1 and
3) are separated by the paramagnetic plane of Ce (2).

Based on the data of resistivity, ac susceptibility, and specific heat, a 7-B phase diagram for
CePdAl was constructed as shown in Fig. 1.12 [63, 64, 65]. With applying magnetic field along
the Ising c axis, the AFM order in CePdAl is gradually suppressed. A sequence of metamagnetic
transitions or crossovers appear between B || a =3 and 5 T after which a paramagnetic phase is
realized. In this phase, the magnetoresistance is negative, which is caused by the suppression
of spin fluctuations arised from the geometrical frustration.

As mentioned in the last section, the substitution of Ni for Pd in CePdAl decreases the unit
cell volume. Thereby, the c-f hybridization and Kondo effect are expected to be enhanced,
leading to the suppression of AFM order. Actually, the specific heat data of CePd;-«Ni,Al in
Fig. 1.13 show that 7n decreases to zero at x = 0.144 and C/T is proportional to —log7, exhibting
the NFL behavior.

Ce(1) Ce(3)

-+ (=]
, Ce(2) |
Q O Q
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Figure 1.10: The two-dimensional magnetic structure of CePdAl in the ¢ plane [49]. Ji
represents the nearest neighbor FM interaction and J> is the next nearest neighbor AFM

interaction.
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Figure 1.11: The three-dimensional magnetic structure of CePdAl [49]. The AFM ordered
planes of Ce (1 and 3) are separated by the paramagnetic plane of Ce(2).
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Figure 1.12: B || ¢ vs T phase diagram of CePdAl derived from resistivity, ac susceptibility,

and specific heat measurements [64].

3

CePd, Ni Al

o
T
&=l
(=]
3% ]

GIT (J / mol K

Figure 1.13: Specific heat of CePdi..Ni:Al plotted as C/T vs logT [49].
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1.2.5 Zero-field quantum criticality in the quasikagome Kondo lattice

CeRhSn

In the isostructural compound CeRhSn, layers composed of Ce and Rhl atoms alternate
along the ¢ axis with layers composed of Rh2 and Sn atoms as shown in Fig. 1.14(a) [66].
Figure 1.14(b) shows that Ce atoms form a quasikagome lattice in the basal ¢ plane. The
intraplane Ce-Ce distance of 0.3882 nm is shorter than the interplane Ce-Ce distance of 0.4089

nm. The Ce atom has nearest neighbors of four Rh2 atoms at a distance of 0.3032 nm and second

nearest neighbor of one Rhl atom at 0.3084 nm. In Fig. 1.15, the theoretical calculations of
site-projected partial densities of states for CeRhSn show the contribution from Ce itinerant
states below Fermi level Er, which ensure the hybridization with the 4d states of Rh and 5s and
5p states of Sn. The chemical bonding analysis suggests that Ce-Rh are strongly bonding from
bottom of valence band up to -2 eV, as shown in Fig. 1.16. All the results mentioned above
suggested that the Ce 4f state is strongly hybridized with the 4d band derived mainly from the
Rh atoms, leading to the valence-fluctuating state with a high 7x ~ 200 K [67, 68, 69, 70].

As shown in Fig. 1.17, C/T turns up below 7 K in proportion to —In7 and is saturated to a
large value of 200 mJ/K?mol at 0.5 K. In Figs. 1.18 and 1.19, y«(T) and p(T) exhibit NFL
behaviors down to 0.5 K, respectively. The y(7) shows a power-law behavior 7" (n =1.1) for
B || ¢ and p(T) decreases with 7" (n < 1.5). These NFL behaviors are thought to be the
manifestation of the frustration of Ce moments which hinders the long-range order [68]. In fact,
no magnetic order down to 0.05 K was observed by uSR experiments [71].

Recently, a zero-field quantum criticality has been indicated by the measurements of
specific heat C and magnetic Griineisen ratio I'y = —(0M/0T)/C down to 0.06 K as shown in
Figs. 1.20 and 1.21, respectively [72]. In zero fields, C/T diverges on cooling below 0.7 K. In
weak fields, I'n/H shows divergence behavior below 0.7 K. In Fig. 1.22, the thermal expansion
coefficient a divided by temperature, a/7, displaying the critical behavior only along the a axis
is in support of the fact that the quantum criticality is driven by the geometrical frustration in

the quasikagome lattice.
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Figure 1.14: (a) Crystal structure of CeRhSn with alternately stacked layers of Ce-Rh1 and
Rh2-Sn. (b) Basal ¢ plane with quasikagome lattice formed by Ce atoms [66].
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Figure 1.15: Nonmagnetic site-projected densities of states of CeRhSn. The Fermi level EF is

set as zero energy [69].
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Figure 1.16: The covalent bond energies ECOV for different pairs of orbitals within CeRhSn.
The contributions of Rh1 and Rh2 are combined to keep the representation simple [69].
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Figure 1.17: Specific heat of single crystal CeRhSn down to 0.5 K plotted as C/T vs logT.
The inset shows the plot of C/T vs T% [68].
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Figure 1.18: Double logarithmic plot of the magnetic susceptibility y(7) vs T for the single
crystal CeRhSn in B || c and B || a [68].
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Figure 1.19: Temperature dependence of electrical resistivity p(7) for single crystal CeRhSn
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Figure 1.20: Specific heat of single crystal CeRhSn plotted as C/7 vs log7 down to 0.06 K in
magnetic field B || a [72].
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where B is bulk modulus of isostructural UCoAl [73], Vm is the molar volume, and C is
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1.3 Low-dimensional Ce-based heavy fermion compounds

Low-dimensional Ce-based heavy fermion systems have attracted a lot of interests for
extoic magnetic and superconducting properties. For example, a quasi-2D heavy fermion
compound CeRhlIns with alternating layers of Celns and RhIn, along the tetragonal c-axis shows
a pressure-induced transition from an AFM state to an unconventional superconducting state
[74].

Furthermore, there are antiferromagnets with one-dimensional Ce chains. For example,
CePtsGes with the YNisSis-type orthorhombic structure has a shorter Ce-Ce distance in the
chain along the b axis that is 70% of the interchain Ce-Ce distance [75]. As shown in Fig. 1.23,
above the 3D long-range order at 7x = 1.1 K, a pronounced tail appears in the magnetic specific
heat Cin(7) from 7n up to 5 K. The tail of C(7) was attributed to the AFM short-range
correlations because Cm(7) was well fit by the model with §=1/2 AF uniform Heisenberg chain
with the exchange interaction J/kg = 3.35 K [76, 77]. The magnetic entropy Sm reaches Rln2
only at 5 K. Similarly, the CePd3X> family with X = In and Al crystallize in the orthorhombic
structure (space group Pnma). The crystal structure of CePdsIn; is shown in Fig. 1.24. The Ce-
Ce distance in the chain along the b axis is shorter than those along other directions [78, 79].
CePdslIn; undergoes an AFM order at 7n = 2.1 K where the value of S, is less than 0.8RIn2 as
shown in Fig. 1.25 [80]. The p(7) 1s proportional to —In7 between 20 and 2 K followed with a
drop as shown in Fig. 1.26. The reduction of Sn, was attributed to the relatively low Tk ~ 2 K.
The aluminide CePd;Al> shows a distortion in the b plane where the b parameter is smaller than
in the In compound [79]. As shown in inset of Fig. 1.27, y(7) shows maximum at 1 K. At
T > 20 K, y(7) obeys a Curie-Weiss law with the effect moment perr = 2.55 ug and the
paramagnetic Curie-Weiss temperature 6,=-22.1 K. The magnetization M(B) at 0.5 K saturates
to 1 ug/Ce at 7 T. The C(T) in Fig 1.28 shows an extended tail in prior to the AFM order at
I~ =1 K. The p(T) displays an upturn on cooling from 15 down to 1 K. An obvious drop below
1 K is consistent with the peak observed in C(7T) as shown in Fig. 1.29. The extended tail in
C(T) was regarded as the result of the enhanced Kondo effect with 7x = 5.5 K [79].
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Figure 1.23: Magnetic specific heat Cmag and magnetic entropy Sm of CePdsGes [75].

Figure 1.24: Perspective view of the orthorhombic crystal structure of CePdsIn; along the b
axis [80].
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Figure 1.25: Specific heat C and magnetic entropy Sm of CePdsIn; [80].
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Figure 1.26: Temperature dependence of electrical resistivity of CePdsIn, and LaPdsIn;
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Figure 1.27: Temperature dependence of the inverse of the averaged magnetic
susceptibility y(7) for CePd;Al. Upper inset: y(7) for 7< 3 K. Lower inset: magnetization
M(B) at 0.5 K [79].
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Figure 1.28: Temperature dependence of specific heat C of CePd;Al. Inset: low-
temperature data plotted as C(7) vs log7 [79].
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1.4 Purpose of the present study

In order to study the quantum criticality in geometrically frustrated Kondo lattice
compounds and low-dimensional compounds, we have chosen cerium-based compounds,
CeRhSn and CePd3Sny, respectively. Firstly, the issue for the zero-field quantum criticality in
CeRhSn is which one is more responsible, geometrial frustration or Kondo effect. In order to
do that, we have substituted Pd for Rh in CeRhSn and conducted measurements of magnetic,
transport, and specific heat to detect the emerging magnetic order. On one hand, the additional
4d electrons are expected to deepen the 4f level from the Fermi level, then the hybridization
between 4f orbitals of Ce and Rh 4d orbitals is weakened and Kondo effect is suppressed. On
the other hand, the expansion near the doped Pd atoms will break down the local symmetry of
the quasikagome lattice, then the geometrical frustration may be released. Secondly, we aim to
study the effect of short-range correlations in a new compound CePd3Snz with a chain of Ce

atoms along the b axis.
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Chapter 2

Sample preparation and characterizations

2.1 Sample preparation

2.1.1 CeRhiPd:Sn (x <0.75)

Polycrystalline samples with initial compositions of CeRh;_xPdxSn (X=0, 0.1,0.2,0.3,0.4,
0.5, 0.7, 0.8) were prepared by arc-melting. The powder of Rh (99.9%) and Pd (99.99%) was
pressed into a pellet and melted into a ball of 0.5 g each under a purified argon atmosphere.
Appropriate amounts of constituent elements Ce ingot (99.9%), Rh (ball), Pd (ball), and Sn
ingot (99.999%) were melted for several times. Figure 2.1 represents the schematic of arc-
melting furnace. In order to improve the homogeneity, the ingots were subsequently annealed

at 900 °C for 6 days in evacuated quartz ampoules. The total weight loss after preparation was

f
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not more than 1%.
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Figure 2.1: Schematic diagram of the arc-melting furnace for the preparation of
polycrystalline samples of CeRh;_Pd.Sn.
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2.1.2 Single crystal growth of CeRh_.Pd.Sn (x =0 and 0.1)
Single crystals of CeRhi_Pd.Sn (x = 0 and 0.1) were grown by the Czochralski method in

an RF induction furnace in an argon gas atmosphere [68]. The schematic diagram and image of
the crystal growth are shown in Figs. 2.2 and 2.3. Firstly, the stoichiometric amounts of the
constituent elements were melted to be an ingot in a Hukin-type cold crucible. Secondly, the
ingot was put in a tungsten crucible and heated to just above the melting point around 1470 °C.
As a seed, a rod of single crystal CeRhSn was fixed on a holder made of molybdenum. The
seed was inserted into the liquid by 2-3 mm in depth. Thirdly, the seed was pulled at a speed of
7 mm/h and rotated by 6 rpm. The diameter of the crystal was controlled by regulating the RF
power. The image of the as-grown single crystals of CeRh;Pd:Sn (x = 0 and 0.1) are
represented in Figs. 2.4 and 2.5, respectively.
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Figure 2.2: Schematic diagram of the radio-frequency induction furnace for the crystal
growth of CeRhixPd,Sn (x = 0 and 0.1) by the Czochralski method.
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Figure 2.3: Single crystal growth of CeRhSn using the RF furnace by the Czochralski method.

c-axis

c-axis

GeRhgsPdpiSh 19T
Figure 2.5: Image of the as-grown single crystal CeRhooPdo.1Sn.

2.1.3 CePd3Snz and LaPd;Sn;

Polycrystalline samples of CePd3Sn, and its reference compound LaPd;Sn> were prepared
by arc-melting appropriate amounts of constituent elements Ce (99.9%), La (99.9%), Pd
(99.99%), and Sn (99.999%) under a purified argon atmosphere. The ingots were turned over
and melted for several times to improve the homogeneity. Subsequently, the ingots were
annealed at 900 °C for 6 days in evacuated quartz ampoules. The total weight loss after

preparation was less than 1%.
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2.2 Characterizations of samples

2.2.1 Metallographic examination and electron-probe microanalysis
The polycrystalline samples CeRhi_xPdxSn (X = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 0.8) and
single crystals CeRh;,PdiSn (x =0 and 0.1) were characterized by metallographic examination
and wavelength-dispersive electron-probe microanalysis (EPMA). As shown in Fig. 2.6, a back
scattered electron image of CeRhosPdosSn indicated that the polycrystalline samples are
composed of grains of approximately 500 xm in length preferentially oriented along the ¢ axis,
which is perpendicular to the bottom surface of the ingot. The value of the Pd composition x
determined by EPMA for polycrystalline samples of CeRh;_,Pd,Sn agrees with the nominal
composition X in the range of X < 0.5. However, for X > 0.5, it was revealed that the quantity
of impurity phase Ce(Rhi_xPdyx)>Sn2 increases to approximately 5%. This makes the Pd content
x smaller than X i.e., 0.65 and 0.75 for X = 0.7 and 0.8, respectively. The compositions of both
ends of the single crystal rods were examined by EPMA. No impurity phase nor deviation in
the stoichiometry was detected within the 1% resolution.
The polycrystalline sample of CePdsSnz is composed of grains larger than 100 gm in length
as detected by a polarized light optical microscope image shown in the insert of Fig. 2.10. The
values of compositions of constituent elements in CePd;Sn, and LaPds;Sn> determined by

EPMA agree with the nominal compositions.

Figure 2.6: Back scattered electron image of the polycrystalline sample CeRho.¢Pdo.4Sn. The
red arrows indicate the preferentially oriented grains along the ¢ axis.
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2.2.2 Powder x-ray diffraction and single crystal x-ray diffraction

Powder x-ray diffraction analysis of the polycrystalline samples CeRhi_Pd,Sn (x =0, 0.1,
0.2,0.3,0.4, 0.5, 0.65, 0.75) confirmed a single phase of the ZrNiAl-type structure. The x-ray
patterns and lattice parameters a and ¢ determined by least-square refinements are plotted in
Figs 2.7 and 2.8, respectively. With increasing x up to 0.75, the two parameters both increase
by 1.6%. The hexagonal parameter a increases linearly, which is induced by the replacement
of Rh atom by Pd atom with a larger atomic radius. Thereby, the local symmetry of
quasikagome lattice should be broken. The parameter ¢ deviates from the Vegard’ law for x
below x = 0.4, which behavior agrees with the previous report [81]. The deviation hints that the

4f electron state changes from a valence fluctuating state to a localized state.
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Figure 2.7: Power x-ray diffraction (Cu Ka) patterns of polycrystalline samples
CeRh;,PdSn. The bottom one is the simulated pattern.
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Figure 2.8: Hexagonal lattice parameters a and ¢ of CeRhi_Pd.Sn as a function of x. The
inset shows the unit cell of CeRhSn.
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Single crystals of CePd3Sn, with a dimeter of approximately 60 um were isolated via
mechanical fragmentation of the annealed polycrystalline sample. X-ray single crystal intensity
data were collected at room temperature with a four-circle Nonius Kappa diffractometer with a
CCD area detector and graphite monochromated MoKa radiation, A = 0.071069 nm. The
structure was solved by direct methods and refined with the SHELXS-97 and SHELXL-97
programs [82]. The results are summarized in Tables 2.1 and 2.2. The analysis revealed that
CePdsSn; crystallizes in an orthorhombic structure with space group Pnma (space group No.62),
which is isotypic to the CePdsIna-type [78]. All atomic positions in 4c sites, one site for Ce,
three sites for Pd, and two sites for Sn, are fully occupied. Figure 2.9 shows a perspective view
of the structure of CePd3Sn; along the b axis. In the b plane, the Pd and Sn atoms form a network
of interconnected pentagons with the Ce atoms sitting in the center. The Ce atoms form a chain
along the b axis with Ce-Ce distance equal to b = 0.47663(1) nm, which is shorter compared
with the nearest interchain Ce-Ce distance 0.539976(5) nm. The equivalent displacement
parameter for the Ce atom is comparable with those of other atoms, indicating the absence of
the so called rattling features. A Rietveld refinement of the XRD pattern based on the structural
data confirms the structure solution as shown in Fig. 2.10. A polarized light optical microscope
image of the polycrystalline sample is represented in the inset, showing grains larger than

100 ym.

Figure 2.9: Perspective view of the crystal structure of CePd3Snz along the orthorhombic b
axis. The Ce atoms form a chain along the b axis.
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Table 2.1: Crystallographic data and structural refinement parameters of CePd3Sno.

Composition from EPMA CePdsSn;

Single crystal dimensions (pum) 55 x 60 %70
Temperature (K) 298

Radiation, A (nm) Mo Ka, 0.071069
Crystal system, Person symbol Orthorhombic, 62
Space group Pnma

Number of formula units in unit cell: Z 4

Unit cell dimensions (nm)

a 0.97289(1)

b 0.47663(1)

c 1.01692(1)

Cell volume (nm?) 0.471555
Calculated density (g/cm?) 9.814

Absorption coefficient paps (mm™) 30.88

Max in hkl 16,7, 16
Reflections in refinement 1202 > 4o(F,) of 1221
Total no. reflections 19371

Refined parameters no. 38

Ry = X|F;-F./2F, 0.0262

Unique reflections, Ruy 0.0349

wR2 0.0830
Goodness-of-fit on F* 1.256

Extinction (Zachariasen) 0.0034(2)

Table 2.2: Atomic coordinates and equivalent displacement parameters for CePds;Sn..

Atom  Wyckoff Site xla y/b z/c Uey (nm?)

Ce 4c 0.23860(5) 1/4 0.06324(4) 0.000071(1)
Pdl 4c 0.48160(7) 1/4 0.59692(7) 0.000102(1)
Pd2 4c 0.25341(6) 1/4 0.77472(6) 0.000084(1)
Pd3 4c 0.10029(7) 1/4 0.36157(8) 0.000134(2)
Snl 4c 0.02143(6) 1/4 0.63017(5) 0.000074(1)
Sn2 4c 0.38723(6) 1/4 0.35159(5) 0.000073(1)
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Figure 2.10: Rietveld refinement of powder x-ray diffraction pattern of CePdsSna.
Experimental pattern is in red, calculated pattern in black, and difference curve in blue. The

green vertical ticks represent Bragg reflections expected for CePds3Sny. The inset shows the
optical microscope image with polarized light.

Figure 2.11: x-ray Laue pictures (a), (b), and (c) of single crystal CeRhSn oriented in
a [110], a*[100], and ¢ [001] axes, respectively, of the hexagonal ZrNiAl-type structure.
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2.2.3 Orienting crystal direction

As shown in Fig. 2.11, the single crystals CeRhi_,Pd.Sn (x =0 and 0.1) were oriented along
the a, a*, and ¢ axes by taking x-ray Laue pictures. The Laue pictures were taken on spots of
the polished plane to confirm the alignment of the crystal axis. We confirmed the x-ray Laue
patterns parallel to threes axes to correspond with the simulated patterns [68], respectively,
shown in Fig. 2.12. Then, the crystals were cut by a spark erosion machine for the measurements

of magnetic, transport, and thermal properties.

Figure 2.12: Simulated x-ray Laue patterns (a), (b), and (c) for single crystal CeRhSn oriented
ina [110], a*[100], and ¢ [001] axes, respectively, of the hexagonal ZrNiAl-type structure.
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Chapter 3

Experimental details

3.1 Measurements of magnetic, transport, and thermal
properties

3.1.1 Magnetic susceptibility
Because CeRhSn exhibits uniaxial magnetic anisotropy, (B ||c¢) > x(B L ¢) [68], dc

susceptibility yqc(7) of polycrystalline samples CeRhiPd,Sn were measured in two
configurations with external fields B = 1 T parallel and perpendicular to the preferred oriented
direction in a Quantum Design MPMS from 1.8 to 300 K. The averaged value, {y(B ||)
+2x(B 1)}/3, was taken as ydc to minimize the effect of anisotropy. The magnetization M(B) of
polycrystalline samples CeRhi xPd.Sn were measured at 7= 1.8 K with increasing Bup to 5 T.
The measurements of y4c(7) and M(B) were performed with a MPMS from 300 to 1.8 K and a
homemade Faraday force magnetometer in a *He cryostat down to 0.3 K in fields up to 9.5 T
with a gradient of dB/dz = 10 T/m [83]. The temperature- and magnetic-field dependences of
%ac Were measured under Bac = 372 uT at the frequency of 67.2 Hz in an OXFORD *He-*He
dilution refrigerator.

The Faraday force magnetometer is shown in Figs. 3.1 and 3.2. One variable plate of a
parallel-plate capacitor was suspended by phosphor bronze wires on a load-sensing device. The
sample is glued on the variable plate, which thermally connects with a sample thermometer by
Cu foil. When a magnetic field gradient G = dB/dz is vertically induced in the sample space,
the variable plate descends due to a downward force /'=MG on the sample to balance with the
restoring force of spring wires F'= kAL, where k is the stiffness coefficient of phosphor bronze
wires. The displacement AL is detected by the change of capacitance C = &)S/L with the

relationship AL = €0S(1/Co — 1/C7), where € is vacuum permittivity and S is the area of plate.
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The magnetization M is obtained by the formula M = S(1/Co—1/C,)k/G. In order to get the
absolute value of M(B), the M(B) data measured by MPMS at 1.8 K is used to compare and
calculate the k. In addition, the capacitance C is measured by a capacitance bridge with a high

solution, 5 x 107 pF, which is sensitive for the infinitesimal displacement of the sample.

N
LN, Thermal link
Thin Cu-wire
lead 7T ——__|
Movable plate .|
[ ] Brass
7] Cu

: Epox
Fixed plate Insulators P

Figure 3.1: Cross profile of the load-sensing device for the capacitive magnetometer. The
movable is suspended by four wires of phosphor bronze.

Figure 3.2: Magnetization measurement setup for the single crystal CeRho.9Pdo.1Sn on the
capacitive magnetometer adapted to the *He pot of the Heliox, Oxford.
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3.1.2 Electrical resistivity

Depending on the temperature and field ranges, the electrical resistivity p(7) was measured
by a four-probe ac method with different refrigerators. From 2.6 to 300 K, we used a Gifford-
McMahon-type refrigerator, whereas from 0.04 to 6 K we used a laboratory-built system
installed in the adiabatic demagnetization refrigerator, mF-ADRS50. The magnetoresistance
p(B, T) was measured in both longitudinal and transverse configurations. Up to 14 T down to
2 K we used a Quantum Design PPMS, while up to 17.5 T at 0.08 K we used a *He-*He dilution
refrigerator at Tsukuba Magnet Laboratory, NIMS.

3.1.3 Specific heat

The specific heat C(T) was measured by a thermal relaxation method. The *He option in a
Quantum Design PPMS was used from 0.4 to 300 K while adiabatic demagnetization
refrigerator, mF-ADRS50 was used from 0.08 to 0.7 K.

The schematic diagram of a calorimeter puck matched to *He insert is shown in Fig. 3.3 and
3.4 [84]. A sample of about 10 mg is mounted on the platform with Apiezon N-grease. Instead
of eight wires used in standard heat capacity puck. this platform is suspended by four wires
serve as the electrical leads for a heater and a thermometer which are fixed on the reverse side
of platform. These wires only have half of the cross-sectional area of the wires used in standard
puck and can provide better thermalization of the sample and platform. A protective cap is

design to twist onto the puck for preventing the sample to slip off from the platform.

Apiezon N grease

\ Sample Electrical lead

= — l
Heat bath Platform Heat bath
(Puck frame) Thel_lrmometer I_IHeater (Puck frame)

Figure 3.3: Thermal connections from the heat bath to the sample and sample platform in the
calorimeter puck matched to *He insert of PPMS.
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Figure 3.4: Specific heat measurement setup for the polycrystalline sample CeRho.7Pdo3Sn
on the platform of the calorimeter puck (#750) matched to *He insert of PPMS.

The principle of relaxation process of heat for the specific heat measurement is shown in
Fig. 3.5. The heat capacity option controls the heat added to and removed from the sample while
monitoring the change of temperature 7. The K and K> are thermal conductances between the
sample platform and the puck frame due to supporting wires and between the sample platform
and the sample by the grease, respectively. During heating portion, a constant power Po is
applied on the platform. If the K> is large enough, sample and sample platform are at same
temperature. A simple model is used to analyze the heat capacity of sample platform and sample.

The thermal balance equations for the heating portion and saturation one are, respectively, given

as below
dTr
P, = (Cs +CP)E+K1(T—T0), 3.1)
PO = Kl(T — T0)=K1A T, 32)

where Cs and C;, are the heat capacities of sample and platform, respectively, and 7o is the puck
frame temperature. After the temperature increases to 71 followed the cooling portion, the

thermal balance equation is described as
dT
(Cs+ cp)E =K (T -T,), 3.3)
then get the time dependence of temperature as

t
T(t) =T, + ATe =, 3.4)
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7= (Cs+Cp)/ K. 3.5)
We can calculate the thermal conductance K from the Eq. 3.2 from a known Py and measured
AT. Relaxation time 7 is obtained by fitting the relaxation curve in terms of Eq. 3.4. After
subtracting the heat capacity of sample platform with grease, we evaluate the specific heat of
the sample.
If the thermal contact between the sample platform and the sample is poor, there is a
temperature difference between the two, 7}, and Ts. The two-tau model is described as

dTp

P(t) =C, i + Ky (T, — Tp) + Ko (T, — T), 3.6)
dT.
Csd—: = K,(T, — Ty), 3.7)

where P(t) is Po during heating portion and equals zero during cooling portion. Then, we get

the solution of time dependence of platform temperature

t t
Tp(t) =Ty + Ae *1 + Be 72, 3.8)

After fitting the relaxation curve and subtracting the heat capacity of sample platform, we obtain

the heat capacity of sample

K7,
CS == K1T1 (1 - _) + K1T2 - CP' 39)
Cp
Sample ko, T

=

Sample Platform C

=«
m ¥s

Heat bath (puck frame )

Figure 3.5: Principle of relaxation process of heat for the specific heat measurement.
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A home-made calorimeter installed in the mF-ADRS50 is shown in Fig. 3.6. The sample
platform made of silver is suspended at the center of copper ring by four nylon wires. The
sample is thermally contacted with the platform by silver paste. A RuO» resistance thermometer
and a resistance heater of strain gauge (120 Q, KFL-02-120-c1-16, KYOWA) are glued on the
back of the silver platform by GM vanish. Superconducting wires of Nb3Sn with ¢50 um
diameter are served as electrical leads to the thermometer and heater. A copper cap for shielding
the radiation is set into the vacuum chamber of the mF-ADRS50. A KEITHLEY 6220 current
source and a KEITHLEY 2001 multimeter are used to provide the electrical current / and
measure the voltage V for the heater, respectively. A LakeShore 370 ac resistance bridge is used
to measure the resistance of the thermometer, giving the sample temperature. The schematic of
the measurement is shown in Fig. 3.7. The heat capacity of the addenda including the platform
and silver paste is measured before the measurements with sample.

Figure 3.8 shows an example of heating and relaxation curve for the polycrystalline sample
CeRho7Pdo3Sn. We used the simple model to calculate the heat capacity of the sample as
describe above. After the sample temperature becomes stable at 7o, the heater is turn on at #,
then the temperature increases to 7o+A7, in which AT is set at 2% of Tp. When the temperature
is saturated at #, the current supply is turned off. Then, the temperature decreases exponentially

down to 7o according to Eq. 3.4.

Figure 3.6: Specific heat measurement setup for the polycrystalline sample CeRho7Pdo3Sn
with the home-made calorimeter installed in the mF-ADRS50.
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Figure 3.7: Circuit diagram of specific heat measurements with the home-made calorimeter
from 0.06 to 0.7 K.
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Figure 3.8: Heating and cooling curves of the relaxation method for the polycrystalline
sample CeRho7Pdo3Sn with the home-made calorimeter installed in the mF-ADRS50.
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Chapter 4

Results and discussion

4.1 Magnetic, transport, and thermal properties of

CeRh;_Pd.Sn (x < 0.75)

The valence of Ce in CeRhSn was evaluated as 3.07 by the Ce3d x-ray photoelectron
spectroscopy measurements [85]. The possible decrease to 3.0 in the valance of CeRhi_Pd.Sn
at x = 0.75 due to the increasing a and ¢ parameters will be described below in terms of the
results of y(7)) and M(B). The localized magnetic moments in the trivalent state should stabilize
a magnetic order at low temperatures.

Magnetic susceptibility

With Pd substitution in CeRh; xPd.Sn from 0 to 0.75, a dramatic change in the 4f state is
expected to manifest itself in the temperature dependence of magnetic susceptibility (7). The
inverse of y — yo is plotted in Fig. 4.1, where y is the average {y(B ||) + 2x(B L)}/3 and yo is
temperature independent contribution. In the temperature range from 1.8 to 300 K, (B ||) and
x(B 1) were respectively measured in external fields of 1 T applied parallel and perpendicular
to the preferred orientation of the sample along the c axis. In Fig. 4.1, the solid lines above
100 K represent the fits with the modified Curie-Weiss formula (y — y0) ' = (T — 8,)/C, where 6,
is the paramagnetic Curie temperature. The fitting parameters of effective magnetic moment
Uett, Op, and yo, are listed in Table 4.1. For x = 0, the large and negative value of ,=—-155 K and
the small value of uerr= 1.42 up are characteristics of a valence-fluctuating Ce-based compound.
With increasing x up to 0.5, |6,| gradually decreases to 23 K. This behavior is understood as the
suppression of Kondo effect due to the relationship |6p|/2 ~ Tk regardless of frustration effects
[86]. For x > 0.65, uesr increases nearly to 2.54up, which is the expected value for a free Ce™

ion. As shown in the inset of Fig. 4.2, an AFM order in the sample with x = (.75 is indicated by
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a maximum at around 3 K in y(B ||). The magnetic order at round 3 K is not induced by the
impurity phase of Ce(Rhi—Pd\)2Sn2 because both end compounds CeRh2Sn, and CePd>Sn
order antiferromagnetically only below 0.5 K [87].

20 . , . . . . .
e | CeRh1_ Pd _Sn s &=
£ B=1T
S 15 -
©
=, 10 o 0D 1
< 0 0.3
S5 202 .
| 22 065
& 0.75
O 1 1 1 =
0 100 200 300 400
T (K)

Figure 4.1: Temperature dependence of the inverse of the averaged magnetic susceptibility
of CeRh;,Pd,Sn. Solid lines are the fits with the modified Curie-Weiss form y — yo = C/ (T
— 0) to the data at temperatures above 100 K.

Table 4.1: Parameters obtained by the fits with the modified Curie-Weiss form y = C/(T — 6,)
+ xo to the averaged magnetic susceptibility data {y(B ||) +2y(B L)}/3 at T> 100 K. »(B ||
and y(B 1) were measured, respectively, in external fields of 1 T applied parallel and
perpendicular to the samples of CeRhi_Pd.Sn preferentially oriented along the ¢ axis. pefr,
6p, and yo are the effective magnetic moment, paramagnetic Curie temperature, and
temperature independnet term, respectively.

Pd content Effective moment Paramag. Curie X0

x et (us/Ce) Temp. 6, (K) (10*mol/emu)
0 1.42 -155 7.37

0.1 1.64 -80 7.20

0.2 1.74 -40 6.29

0.3 2.02 -57 5.20

0.4 2.19 -43 3.51

0.5 2.27 -23 2.80

0.65 2.47 -34 1.18

0.75 2.60 -25 0
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Magnetization

The isothermal magnetization M(B ||) of polycrystals was measured at 7 = 1.8 K under
fields up to 5 T. As shown in Fig. 4.2, M(B ||) of x = 0 increases almost linearly to a value of
0.05u8/Ce at 5 T, which is 67% of the reported value for the single crystal for B || ¢ [68]. It
confirms the preferentially oriented of grains along the ¢ axis in the polycrystals. For x > 0.1,
M(B) gradually increases and shows a tendency towards saturation. It is noteworthy that
M(B ||) for x = 0.75 shows a spin-flop-like upturn at B = 2 T and reaches a saturated value of
1.4 up/Ce at 5 T. This magnitude is close to the saturation moment along the easy ¢ axis in
CePdAl with nearly trivalent Ce ions [63]. From the results of magnetic measurements, we
consider the reason of an AFM order at x = 0.75. The additional 4d electrons may suppress the

c-f'hybridization and increase the Ce 4 moments. This enhances the RKKY interaction, leading

to the AFM order.
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Figure 4.2: Isothermal magnetization curves M(B ||) for polycrystalline samples of
CeRh;Pd.Sn at 1.8 K. The magnetic field B was applied parallel to the preferred orientation

of grains. The inset shows the temperature dependence of the magnetic susceptibility for
x=0.75 below 5 K.
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Electrical resistivity

Figure 4.3 shows the electrical resistivity normalized to the value at 300 K, p(7)/p(300 K),
for polycrystalline samples of CeRhi—Pd.Sn (x < 0.75). The electrical current / was applied
along the bar-shaped samples composed of grains preferentially oriented along the ¢ axis. The
values of p(300 K) are in the range between 80 and 140 4Q cm. For x = 0, p(7) displays a broad
shoulder around 50 K followed by a decrease, which behavior resembles that of the single
crystal for / || ¢ shown in Fig. 4.8. For x = 0.2 and 0.5, a flat behavior is followed by an upturn
at 7'< 20 K, which is likely attributed to incoherent Kondo scattering due to the disorder in the
Kondo lattice. With further increasing x to 0.65, a metallic behavior is recovered. For x =0.75,

the decrease in p(7) at T < 5 K hints a sort of magnetic order at lower temperatures.
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Figure 4.3: Temperature dependence of the electrical resistivity normalized to the value at
300 K for polycrystalline samples of CeRh; .Pd,Sn.
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Specific heat and ac susceptibility

Emergence of magnetic order in CeRhi_Pd.Sn has been revealed by the measurements of
specific heat C(7T) and yac(T) down to 0.08 K and 0.03 K, respectively. The data of C/T are
plotted vs. log7 in Fig. 4.4(a), where C/T for x = 0 weakly increases on cooling as was reported
[72]. On the contrary, C/T for x = 0.1 exhibits —log7 dependence, which is followed by a
maximum at 7y = 0.1 K, suggesting the onset of a magnetic order. The peak temperature 7w
increases to 1.0 K with the increase in x to 0.5, where the peak of C/T becomes highest. For
x=0.75, two humps are found at 1.2 K and 2.5 K, the latter of which is adopted as 7 because
it agrees with the maximum temperature of y4.(B ||) as seen in the inset of Fig. 4.2. Similarly,
ac(T) plotted in Fig. 4.4(b) shows a maximum at 7,, whose temperature shifts from 0.1 to
0.7 K as x is increased from 0 to 0.4. It is noteworthy that yac for x = 0 shows a maximum at
0.1 K, whereas C/T does not exhibit a peak down to 0.07 K. The different behaviors might be
interpreted as the manifestation of a spin glass state. It is however at variance with the absence
of any kind of magnetic order down to 0.05 K as proved by uSR measurements [70]. The nature
of the ground state in CeRhi .Pd,Sn has to be further clarified by microscopic methods with
respect to exotic magnetic orderings proposed for kagome Kondo lattice as functions of electron

density and Kondo coupling [88, 89, 90].
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Figure 4.4: (a) Specific heat of polycrystalline samples of CeRh;_Pd.Sn (0 <x <0.75) plotted
as C/T vs logT’ (b) ac magnetic susceptibility vs log7 for single crystals with x = 0 and 0.1
and polycrystals with 0.2, 0.3, and 0.4.
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Phase diagram

The temperatures of 7m and 7, are plotted in Fig. 4.5, constructing a phase diagram of
CeRhiPdiSn. For x = 0.1, T}, is higher than 7 but 7, agrees with T in the range 0.2 <x < 0.4.
The increasing trend of 7w and 7, suggests that the Pd substitution for Rh suppresses both
frustration and Kondo effect, leading to the development of an AFM order. From the bulk
measurements presented here, however, it is difficult to separate the two contributions from
frustration and Kondo effect. The effect of frustration on the magnetic structure in this system
could be elucidated by neutron scattering experiments, as was successfully done for CePdAl

[47, 50].
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Figure 4.5: Temperatures at the maximum in C/T (m) and yac(7) (o) for CeRh;_xPd.Sn vs x.
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Magnetic entropy

In order to estimate the magnetic entropy S(7), the data of C/T of CeRhi_Pd.Sn for x =0
and 0.1 < x < 0.75 were tentatively extrapolated to 7= 0 by using the equations C/T = y +
BT? + CT?InT and C/T = y + BT? + 6T?e~2/k8T | respectively, which are relevant for a
spin-fluctuating system and an antiferromagnet with spin wave excitations with an anisotropic
gap [91, 92]. The data of isostructural LaRhSn were used as the phonon contribution to be
subtracted from the measured data. We calculated S(7) by integrating the magnetic contribution
to C/T and plotted the results in Fig. 4.6. The S(7) curves for x = 0.65 and 0.75 are saturated to
RIn2 at around 10 K, confirming the doublet ground state of the Ce ion at the 3f site with the
local m2m symmetry under the crystal field. If we neglect the effect of frustration, then 7k can
be estimated by using a relation for a Kondo impurity, S(7x) = 0.45 = 0.65In2 [93]. The
estimated 7k decreases from 80 K for x =0 to 3 K for x =0.5.

1.2 : . . . . :
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Figure 4.6: Magnetic entropy of CeRh;.Pd,Sn as a function of temperature. The dashed line
represents the value of 0.65RIn2.
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Field dependence of ac susceptibility

Here, we recall that the field dependence of C/T measured at 0.07 K for the single crystal
with x = 0 showed a peak at 3.6 T only when the external field was applied along the a axis
[72]. It was inferred as the evidence for the spin-flop crossover in the frustrated state. In order
to examine this proposition, we have measured field dependence of yac in B || @ and B || ¢ at
various constant temperatures. As shown in Fig. 4.7, ya(B || ¢) at 0.05 K has no anomaly,
whereas yac(B || a) at 0.03 K exhibits a peak at 3.5 T, in agreement with the field dependence of
C/T. With increasing temperature to 0.62 K, the peak broadens and seems to separate into two
maxima, as observed in C/7. Our observations support the proposition of spin-flop crossover

of frustrated Ce moments in the ground state [72].
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Figure 4.7: Isothermal ac susceptibility of the CeRhSn single crystal as a function of magnetic
field B applied parallel to the a and c axes, respectively. The data are vertically shifted for
clarity.
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Resistivity, susceptibility, and magnetoresistance of single crystals CeRh_.Pd.Sn
(x=0and 0.1)

The ground state properties for x = 0 and x = 0.1 have been further studied by the
measurements of p(7), y(7), and magnetoresistance (MR) on single crystals. Figure 4.8 shows
p(T) for the current directions 7 || @ and 7 || c. The data for x = 0 exhibit large anisotropy
pa(T) > p(T) and a maximum in p,(7) at around 70 K. The successive decrease in p.(7) on
cooling is a characteristic of a Ce-based Kondo compound in the coherent scattering regime.
For x = 0.1, the large anisotropy is maintained, but the maximum in p4(7) is absent, as seen in
the inset where the magnetic part is replotted vs In7. The continuous increase in p.(7) down to
0.04 K is attributed to the loss of coherence in the quasikagome Kondo lattice by atomic
disorder. The weak upturn in both p.(T) and p.(7T) at temperatures below 20 K is similar to that
observed in the polycrystalline sample with x = 0.2 in Fig. 4.3.
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Figure 4.8: Electrical resistivity of single crystals CeRh;xPd.Sn with x = 0 and 0.1 for the
current / parallel to the @ and c axes, respectively. The inset shows the magnetic contribution
to the resistivity pm vs logT.
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Figure 4.9 represents a double logarithmic plot of dc susceptibility y(7) for single crystals
with x =0 and 0.1 in a field of 0.1 T applied || @ and || c. The large anisotropy y(7) >>y.(T) is
maintained for x = 0.1, which is similar for x = 0 [68]. In the temperature range 0.8-5 K, y(7)
and y,(7) for x = 0 follow the power law y(7T) oc T~" with n = 1.1 and 0.35, respectively [68].
The values of n for x = 0.1 converge to 0.6 for both y.(7) and y.(7). As shown in the inset,
M(B || ¢) at 0.3 K reaches a value of 0.32 up/f.u., being four times larger than that of M(B || a).
The magnitude of M(B || a) for x = 0.1 is comparable with that of M(B || ¢) for x = 0.
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Figure 4.9: dc magnetic susceptibility of single crystals of CeRh_,Pd.Sn with x =0 and 0.1
for B || a and B || c, respectively. The inset shows the isothermal magnetization for B || a and
B | c at 0.3 K. The data for x = 0 are derived from ref. [68].
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The MR was measured at various constant temperatures. Figure 4.10 represents the relative
MR, {p(B) — p(B = 0)}/p(B = 0), measured at the lowest temperature 0.08 K for the
configurations B || / and B L I. For x = 0, MRs in the four configurations are all positive. The
fact that the values of MR (/|| @, B || ¢) and MR (/|| ¢, B || ¢) are comparable is an indication for
the positive MRs not being originated from cyclotron motions of conduction electrons because
cyclotron motions occur only under B L I. A positive MR for B || / is expected to appear for a
Ce-based heavy fermion system with a gap-like structure above the Fermi level [94]. It is
actually observed for a valence-fluctuating compound CePd; [95] and a heavy fermion
compound CeRu»Siz [96]. Therefore, the observed positive MR for x = 0 is likely to be the
characteristic of the gap-like structure in coherent Kondo lattice compounds. The change in the
slope of MR at around B || a =4 T may be originated from the spin-flop crossover that appeared
in the field dependence of C/T and yac. On the contrary, MRs for x = 0.1 are all negative as
shown in Fig. 4.10(b). The absolute value of MR for /|| B || ¢ at 8 T is approximately five times
larger than that for /|| B || a, in which relation is similar with that of M(B || ¢) = SM(B || a) as
shown in the inset of Fig. 4.9. This correlation between the MR and magnetization indicates
that the negative MR 1is caused by the field-induced suppression of impurity Kondo scattering
[97]. We also measured p(7) under various constant magnetic fields shown in Fig. 4. 11 and
found that the negative MR for B || ¢ becomes significant at 7’< 10 K. In this temperature range,

p(T) for both /|| @ and I || ¢ turns up on cooling as shown in Fig. 4.8.
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Figure 4.10: Normalized magnetoresistance for single crystals CeRhi_,Pd.Sn with x = 0 (a)
and x = 0.1 (b) at 0.08 K in the applied fields B || @ and B || ¢ for the longitudinal (B || /) and
transverse (B L I) configurations.
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Figure 4.11: Electrical resistance for the single crystal CeRhooPdo.1Sn in the applied fields
B || a and B || ¢ for the longitudinal (B || /) and transverse (B L I) configurations.
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4.2 Transport, magnetic, and thermal properties of

CePdsSn2

We have studied the transport, magnetic, and thermal properties of CePds3Sn> by the
measurements of p(7), y(T), M(B), and C(T) for polycrystalline samples of CePd3Sn, and its
nonmagnetic reference LaPd3;Sny.

Electrical resistivity

Figure 4.12 shows p(T) of CePd3Sn; plotted vs log7 from 0.04 K up to 300 K. The value at
300 K is 67 p€ cm, about 1/3 of the values reported for CePd3Al, and CePdsIn; [79, 80]. On
cooling, p(T) gradually decreases without showing strong anomaly. The low-temperature data
below 3 K is shown in the inset of Fig. 4.12. An obvious drop appears in p(7) at 0.6 K, which
gives rise to a peak in the slope dp/d7, indicating a phase transition. In order to estimate the
magnetic contribution pm, p(7) of LaPd3Sn, was measured down to 2 K. The data were fitted
by the modified Bloch-Gruneisen-Mott model [98] and extrapolated to 0.04 K, as shown in
Fig. 4.12. At low temperatures, we see no sign of Kondo scattering in pm(7), in contrast with
CePdslnz, where —InT dependence of p(7) was observed from 15 K to 3 K. It was attributed to
the Kondo scattering of conduction electrons by the 4f electrons in the doublet CEF ground
state [80].
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Figure 4.12: Temperature dependence of electrical resistivity of CePds3Sn; and LaPd;Sny. The
magnetic contribution pm is the difference between them. The inset shows the low-
temperature data of p(7) and the slope dp/dT for CePd3Sno.
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Magnetic susceptibility and magnetization

The temperature dependence of inverse susceptibility is plotted in Fig. 4.13. The solid line
above 80 K represents the fit by the modified Curie-Weiss formula (y — y0) '= (T — 6,)/C, where
0, 1s the paramagnetic Curie temperature and yo is the temperature independent contribution,
1.0x107* emu/mol. The obtained effective moment uesr = 2.44 up is close to the value expected
for a free Ce*? ion and the negative valve of 6, = —8 K suggests the AFM interaction among the
magnetic moments. The left inset shows the low-temperature y vs 7, where the maximum at
0.6 K suggests an AFM order. In the right inset, the isothermal magnetization at 0.5 K bends at
around 4 T and reaches 1.2 ug/Ce at 10 T. This magnitude is comparable with the value of

1.0 us/Ce reported for CePd3Al; under a similar condition [79].
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Figure 4.13: Temperature dependence of the inverse magnetic susceptibility for CePds;Sno.
The solid line represents the modified Cure-Weiss fit. Left inset: low-temperature magnetic
susceptibility below 3 K. Right inset: isothermal magnetization as a function of magnetic
field at 0.5 K.
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Specific heat

The overall temperature dependence of specific heat for CePds;Sn; is plotted in the inset of
Fig. 4.14. The low-temperature data exhibits a sharp peak at 0.6 K, which temperature agrees
with that of the peaks in dp/dT (inset of Fig. 4.12) and y(7) (left inset of Fig. 4.13). It is worth
noting that C(7) has a remarkable tail from 0.6 K up to 3 K. Because the Kondo effect is not
observed in pm(7), we intend to analyze the tail in C(7) in terms of AFM short-range correlations.
The dashed curve represents the fit to the data with the specific heat of S = 1/2 uniform AF
chain calculated by Kliimper [75, 76]. The fit with the exchange interaction J/kg = 1.8 K is
rather good between 1.0 and 2.0 K. The experimental data at 7> 2 K exceed the fit, which is
attributed to the tail of the Schottky amomaly of crystal field excitaions as described below. In
order to obtain the magnetic entropy Sm, C/7T data of LaPd3;Sn> and CePd3Snz were extrapolated
to T = 0 with the equations C/T = y+BT? and C/T = y+ BT? + §T?e 2/k8T |
respectively, which are relevant for a nonmagnetic metal and an antiferromagnet having spin
wave excitations with an anisotropic gap 4 [99]. The fit for LaPd3Sn; revealed the Sommerfeld
coefficient y = 2.7 mJ/K*>mol and the Debye coefficient = 1.08 mJ/K*mol (Debye temperature
Op = 220 K). The fit using the value of # for CePds;Sn; led to the y value of 240 mJ/K? mol,
which can be attributed to quantum fluctuations one-dimensional AF chains [77]. The AF

magnon gap 4 = 1.1 K is comparable with 7.
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Figure 4.14: Low-temperature specific heat of CePd;Snz and LaPd;Snz below 4 K. The
dashed red curve represents the theoretical specific heat of an S = 1/2 AFM uniform
Heisenberg chain with J/kg = 1.8 K [76, 77]. The inset shows the overall data for CePd;Sno.
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Magnetic entropy

As shown in Fig. 4.15, Smreaches 0.42RIn2 at 7w = 0.6 K and reaches RIn2 at around 4 K.
In view of the lack of Kondo contribution in p(7) below 3 K, the pronounced tail in the specific
heat C(7) between 0.6 and 3 K is associated with the AFM short-range correlations in the one-
dimensional Ce-Ce chains. In the inset of Fig. 4.15, Cm(7) exhibits two Schottky anomalies
peaking at 12 and 100 K, respectively. The values of Sm reach 0.94RIn4 and 0.91RIn6 at
temperature above the Schottky anomalies. The relation for energies of CEF excited doublets
Acer = Temax/0.416 gives the values of Acer as 29 K and 240 K, respectively. The presence of
two excited doublets is consistent with the CEF level scheme expected for the orthorhombic

symmetry of the Ce*" ion.
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Figure 4.15: Magnetic specific heat C, = C(CePd3Sny) — C(LaPd3;Sn2) divided by temperature
and magnetic entropy Sm of CePd3Sny below 4 K. The inset shows Cm(7) and Sm(7) up to
300 K.
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In order to obtain more detailed information of the CEF excitations and relevant energy
levels, the inelastic neutron scattering (INS) experiments on polycrystalline samples of
CePdsSny and LaPd;Sn> were performed using the time-off-flight chopper spectrometer
MERLIN at the ISIS pulsed neutron and muon facility, UK. Figures. 4.16 and 4.17 show the Q-
averaged one-dimensional energy cuts at 5 K from 12 and 38 meV incident energies,
respectively. Two apparent peaks of INS excitation for CePd;Sn; are observed at 2.3 meV
(27 K) and 16.5 meV (191 K), which are absent in the nonmagnetic reference compound
LaPd;Sno. The results agree with the values of Ackr obtained from the Cm(7), which confirms

the presence of two excited CEF doublets above the ground state of the Ce*" ion.
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Figure 4.16. Inelastic neutron scattering intensity vs transfer energy of CePds3Sn> and
LaPdsSn; at |Q| = 1.87 A measured with £ = 12 meV at 5 K.
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Figure 4.17. Inelastic neutron scattering intensity vs transfer energy of CePd3;Sn, and
LaPds;Sn; at |Q| = 2 A measured with £; =38 meV at 5 K.
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Chapter 5

Summary

CeRh;Pd.Sn

Magnetic frustration in the quasikagome lattice of Ce atoms in the c-plane of CeRhSn has
been expected to place this compound near the quantum critical point. In order to confirm this
expectation and to study how the ground state changes in CeRh; xPd.Sn, we have measured the
magnetic, transport, and thermal properties at temperatures down to 0.03 K. It is found that yac
for x = 0 shows a broad maximum at 0.1 K, whereas C(B || a)/T keeps increasing down to 0.07
K. Upon applying magnetic fields along the a axis, yac(B) at 0.03 K exhibits a peak at 3.5 T,
which is consistent with the peak observed in C/T at 3.6 T. The metamagnetic behavior in the
field applied along the hard axis is attributed to destruction of magnetic frustration among Ce
moments in the quasikagome plane. This confirms that the frustration hinders the long-range
magnetic order in CeRhSn. The maximum in p(T) due to coherent scattering disappears for
x > 0.1 and both C/T and yac(7) exhibit a maximum, whose temperature increases from 0.1 K
for x=0.1to 2.5 K for x = 0.75. Thereby, the magnetic entropy at 20 K increases from 0.36RIn2
to 0.96RIn2, indicating the full recovery of the magnetic freedom of the doublet ground state.
It is naively conjectured that the quantum effect on the frustration is weakened in a fully
localized moment state of J = 5/2 than in a reduced moment state for x < 0.1. We infer that the
appearance of magnetic order in CeRh;_,Pd,Sn for x > 0.1 is the consequence of suppressions
of the Kondo effect and magnetic frustration. The role of frustration in the phase diagram needs
to be further studied by microscopic experiments such as neutron scattering and NMR. All our
observations corroborate that the ground state of the quasikagome Kondo lattice CeRhSn is
very close to the QCP resulting from the interplay among Kondo effect, RKKY interaction, and

geometrical frustration.
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CePd3Sn;

X-ray single crystal analysis of a new Ce-based ternary compound CePd3Sn, showed that it
crystalizes in the orthorhombic structure of the CePdsInz-type with Ce-Ce chains along the b
axis. A long-range AFM order at 7x = 0.6 K manifests itself as the characteristic anomalies in
the electrical resistivity, magnetic susceptibility, and specific heat. The temperature dependence
of the magnetic specific heat suggested the the presence of excited CEF doublets at 29 K and
240 K above the ground doublet, which agrees with those directly obtained by neutron
scattering experiments. The extended tail in C(7) and the upward curvature in p(7) at 7> Tn
are attributed to the AFM short-range correlations in one dimensional Ce-Ce chains along b
axis. The effects of short-range correlations on physical properties need to be studied using

single crystalline samples.
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