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Abstract

Rare earth and uranium compounds exhibit various kinds of electronic states such
as magnetic and charge orderings, heavy fermions, and unconventional superconductiv-
ity, which are the result of the competitive phenomena between the RKKY interaction
and the Kondo effect. In the present study, we succeeded in growing high-quality La,
Ce, Yb, and U compounds, and clarified the novel electronic states in the quantum
critical region where the Néel temperature becomes zero. Antiferromagnets of CePtSi,,
CeRhGe,, and CelrGes are found to be changed into heavy fermion superconductors by
applying pressure. The upper critical field H.y of CelrGe; for the magnetic field along
the [001] direction is extremely large, reflecting the antisymmetric spin-orbit interaction
based on the non-centrosymmetric tetragonal crystal structure along the [001] direction.
In LaNiC,; with the similar non-centrosymmetric orthorhombic crystal structure, we suc-
ceeded in growing single crystals and clarified that the Fermi surface is split into two
kinds of Fermi surfaces, and superconductivity is of the BCS-type, although this com-
pound has been studied experimentally and theoretically from a viewpoint of the triplet
pairing state based on the non-centrosymmetric structure. We also clarified the electronic
instability associated with the metamagnetic behavior or an abrupt nonlinear increase of
magnetization in heavy fermion compounds such as CeCug, YbT2Zngy(T : Co, Rh, Ir),
and UTsZngo(T : Co, Ir). The metamagnetic behavior was observed at the metamagnetic
field H,, below the characteristic temperature T, ., where the magnetic susceptibility
becomes maximum : T} .. = 7.4 K and H, = 97 kOe in YblraZny, T, = 5.3 K
and Hp,, = 64 kOe in YbRhyZny, and T, = 0.32 K and H,, = 6 kOe in YbCo2Znyy,
together with T}, = 8.5 K and Hy, = 80 kOe in UCo2Znyy. From the present data and
the previous data in several Ce, Yb, and U compounds, a simple relation between H, and
Tymax Was determined : Hy,(kOe) = 157, (K), namely ppHy = kT, This reveals
an important relation in f-electron systems, where the electronic state of f electrons is
changed from localized to itinerant below T} , and from itinerant to localized above Hy,.
Furthermore we synthesized new compounds such as CeRhGe; and YbPd;Al,, together
with the first single crystal sample of YbGay.
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1 Introduction

The f electrons of rare earth and uranium compounds exhibit a variety of characteris-
tic phenomena including spin and valence fluctuations, spin and charge orderings, heavy
fermions and anisotropic superconductivity.? In these compounds, the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction and the Kondo effect compete with each other. The
RKKY interaction enhances the long-range magnetic ordering, where the f electrons with
the magnetic moments are treated as localized electrons and the indirect f-f interaction
is mediated by the spin polarization of the conduction electrons. The intensity of the
RKKY interaction is proportional to the square of the magnetic exchange interaction be-
tween the localized f electrons and conduction electrons. On the other hand, the Kondo
effect quenches the magnetic moments of the localized f electrons by the spin polarization
of the conduction electrons, producing the singlet state with the binding energy kgTk,
where T is called the Kondo temperature, which leads to the heavy fermion state with
an extremely large effective mass at temperatures lower than Tx. The Tk value depends
exponentially on the magnetic exchange interaction.

The competition between the RKKY interaction and the Kondo effect was discussed
by Doniach.?) Most of the cerium (Ce), ytterbium (Yb), and uranium (U) compounds
order antiferromagnetically with the Néel temperature Ty, because the RKKY interac-
tion overcomes the Kondo effect at low temperatures. Some Ce, Yb, and U compounds
such as CeCug, CeRusSis, YbCusSis, and UPt3, however, exhibit no long-range magnetic
ordering.»® The magnetic susceptibility of these compounds increases with decreasing
temperature, following the Curie-Weiss law at high temperatures, with a maximum at
a characteristic temperature 7, Below T}, the magnetic susceptibility becomes
almost temperature-independent, and the f electron system is changed into a new elec-
tronic state, called the heavy fermion state. Here, T} .. approximately corresponds to the
Kondo temperature. The f-localized electronic state is thus changed into an f-derived
band with a flat energy vs momentum dispersion, possessing an extremely large effective
mass.

Below T,,..., the magnetization in the heavy fermion compounds indicates a metam-
agnetic behavior or an abrupt nonlinear increase in magnitude at the magnetic field Hp,.
This is also a crossover behavior from the f-itinerant electronic state to the f-localized
character.

The present strongly correlated electrons follow the Fermi liquid nature. The low-
temperature electrical resistivity p varies as p = po + AT?, where p, is the residual
resistivity. The coefficient v/A is two to three orders of magnitude larger than that in
the usual s and p electron systems. v/A correlates with an enhanced Pauli susceptibility
Xx(T — 0) ~ xo and with a large electronic specific heat coefficient C/T(T — 0) ~ ~.

Interestingly, some heavy fermion compounds show unconventional (anisotropic) su-
perconductivity. The most important finding in the well-known heavy fermion supercon-
ductors such as CeCusSip?, UPt59, and UPd,Als® is that superconductivity is realized
in the magnetically ordered state or the antiferromagnetic (ferromagnetic) fluctuations.
It is theoretically difficult for the phonon-mediated attractive interaction to overcome

max *
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2 CHAPTER 1. INTRODUCTION

the strong repulsive interaction among the f electrons. To avoid a large overlap of the
wave functions of the paired particles, the heavy fermion system preferentially chooses
an anisotropic channel, such as a d-wave spin singlet state or a p-wave spin triplet state
to form Cooper pairs.

Recently, it has been widely recognized that the electronic states in the Ce, Yb,
and U compounds can be tuned by pressure. When pressure P is applied to a Ce-
based antiferromagnet, the Néel temperature Ty reaches zero at the critical pressure P,
following the Doniach phase diagram : Ty — 0 for P — P.. The electronic state at P,
corresponds to the quantum critical point. Heavy fermion superconductivity mentioned
above and the non-Fermi liquid nature are often observed in this critical pressure region
or in the vicinity of the quantum critical point. Moreover, superconductivity in the non-
centrosymmetric structure has been reported in CePt3Si”, CeRhSiz®?, and CelrSiz!%12).
The existence of inversion symmetry in the crystal structure is believed to be an important
factor for the formation of Cooper pairs, particular for the spin-triplet configuration.
Theoretically, the admixture of spin-singlet and spin-triplet Cooper pairs is realized in
the non-centrosymmetric superconductor.

In the present thesis, we studies the La, Ce, Yb, and U compounds from the following
three viewpoints :

1) pressure-induced superconductivity including superconductivity in the non-centrosym-
metric crystal structure

2) metamagnetic behavior and electronic instability
3) searching for new Ce and Yb compounds.

We will explain relevant physics in the f-electron system in Chap.2, motivation of
the present study in Chap.3, single crystal growth and measuring system including pulse
magnetic field and high pressure in Chap.4, experimental results and discussion in Chap.5,
and conclude the present experimental results in Chap.6.



2 Review of Relevant Physics in f-Electron
Systems

2.1 CEF effect and the RKKY interaction

The 4f electrons in the Ce atom are pushed deeply into the interior of the closed
5s and 5p shells because of the strong centrifugal potential £(¢ + 1)/r?, where £ = 3
holds for the f electrons. This is a reason why the 4f electrons possess an atomic-like
character in the crystal.'® On the other hand, the tail of their wave function spreads
to the outside of the closed 5s and 5p shells, which is highly influenced by the potential
energy, the relativistic effect and the distance between the Ce atoms. This results in
the hybridization of the 4f electrons with the conduction electrons. These cause various
phenomena such as magnetic ordering, quadrupolar ordering, valence fluctuations, Kondo
lattice, heavy fermions, Kondo insulators and unconventional superconductivity.

The Coulomb repulsive force of the 4f electron at the same atomic site, U, is so
strong, e.g., U ~ 5eV in the Ce compounds (see Fig. 2.1), that occupancy of the same
site by two 4f electrons is usually prohibited. In the Ce compounds, the tail of the 4f
partial density of states extends to the Fermi level even at room temperature, and thus
the 4 f level approaches the Fermi level in energy and the 4 f electron hybridizes strongly
with the conduction electrons. This 4 f-hybridization coupling constant is denoted by
Ver- When U is strong and Vy is ignored, the freedom of the charge in the 4f electron is
suppressed, while the freedom of the spin is retained, representing the 4 f-localized state.
Naturally, the degree of localization depends on the level of the 4f electron, Ef, where
larger Ef helps to increase the localization.

In the localized 4 f-electronic scheme, the 4f ground multiplets, which obey the Hund
rule in the LS-multiplets, split into the J-multiplets J = 7/2 and J = 5/2 in Ce** by
the spin-orbit interaction. Moreover, the J-multiplets split into the 4f levels based on

DOS
Kondo peak

afc |\ 4f'c

spin-orbital

E

Fig. 2.1 Density of states (DOS) of the 4f electron in the Ce compound (Ce®"), cited
from ref. 14.
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Fig. 2.2 Level scheme of the 4f electrons for (a) Ce3* and (b) Yb3* in the non-cubic
crystal.

the crystalline electric field (CEF), as shown in Figs. 2.2 for (a) Ce3* and (b) Yb** in
the non-cubic crystal. It is noted that the J = 7/2 multiplet becomes the ground state
in the spin-orbit interaction of Yb3t, and eight fold 4 f-levels split into four doublets in
the non-cubic CEF scheme. The CEF effect is as follows.

The electronic state of the point rare earth electron is influenced from the electric field
of the surrounding negative ions. It is called the crystalline electric field (CEF) effect.
The electrostatic potential can be expressed as follows:

B(r) =2 “,—:Ji—lz—i', (2.1)

where 7 is the position vector of the 4f electron in Ce3*, ¢; is the charge of the six-
coordinated negative ion and R; is the position vector of the corresponding ion.

For example, we consider the next case: the negative ion with the charge ¢ is located
at (a,0,0), (—q,0,0), (0,a,0), (0,—a,0), (0,0,a) and (0,0, —a), as shown in Fig. 2.3.
We express eq. (2.1) by the Taylor expansion, and get the following equation:
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Px,y,2)

=
M
=)
-
<

Fig. 2.3 Six-coordinated negative ions and the 4f electron at the point P.

6 3
#(,y,2) = —+ Dy {(w4 +yt 42t - 57«4}
15
+ Ds {(356 +3°+ 26) + 1 (:v2y4 + 222 + P2t + %2t + 2%t

15
2,4 6
- — 2
-l—zy) 17‘}, (2)

where D, = 35¢/4a® and Dg = —21q/2a”.
Considering the charge distribution of the f electron, p(r), the static potential energy
is expressed as follows:

/ p(r)(r)dr, (2.3)

where ¢(r) can be expanded by the multiplet term of the coordination z, y, z, and
eq. (2.3) is expressed by the multiplet term of the coordination which is equivalent to the
multiplet of the angular momentum operator based on the Wigner-Eckart’s theorem in
quantum mechanics. For example,

/ (322 = PP = ay(?) {372 = J(J+ 1)}
= ay <7‘2> Og (24)

We can represent the following CEF Hamiltonian corresponding to egs. (2.2) and (2.3)
by the Wigner-Eckart’s theorem as follows:
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Herr = Bj (03 +503) + BY (03 — 2103) . (2.5)

Here we ignored the first term of eq. (2.2), because it have no coordination. Hcgr is called
the crystalline electric field Hamiltonian and the operator O™: O, O3, 02, Og and so
on, called Stevens operators. These operators are expressed by the matrix representation
by Hutchings.!%16)

Next, we consider the case, where Ce3t is influenced by the cubic crystalline electric
field: L=3,5=1/2,J=5/2and M =3, 3, 1 -1 3 _3 Therefore, the multiplet
with the J = 5/2 case (six fold degenerate of 2J + 1 = 6) splits by the CEF effect. For
J =5/2,02 =04 =0, and Of and O} can be expressed as follows:

0% = 35J% —30J(J +1)J2 +25J2 — 6J(J + 1) + 3J*(J + 1)? (2.6)
1
0; = §(Ji +J2) (2.7)

where Jy = J, + ¢J;,. The operator O can be expressed by (6 x 6)-matrix. Therefore,
the CEF Hamiltonian of the cubic Ce3* is expressed as follows:

3) EYRE Y S VR o VR o )
(3] ( 60BY 0 0 0 60vABY 0
% 0 -180B) 0 ) 0 0 60v/5BY
3 0 0 1208 0 0 0
Heer = giél 0 0 0 12083 0 0 28)
(-3|| 60v5B2 0 0 0  —180BY 0
(-5\ o  60v5BY 0 0 0 605

Next we represent the energy level state |¢) and its energy scheme FE; as follows:

Hegrli) = Eili). (2.9)

Following wave functions and energies are obtained:

rey — L|sy_ . /3]_3

| ;) *f’|2>5 \/;L §> }Ep7 = —240B¢ (2.10)
) = HI-D-3D

It = 38+ &1-9)

IT5) = \/§|—§>+ﬁ|3> Epr, = 120B¢ (2.11)
ra) = |3)

IT8) = |-3)
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Ui

Fig. 2.4 Space charge distribution of I'; and I's states, cited from ref. 14.

The energy state —240B] is named I'; and the energy state 120BJ is I's. We show in
Fig. 2.4 the space charge distribution of I'; and I'g states. The quartet I's wave function
expands along the z, y, z directions. On the other hand, the doublet I'; expands along
the (111) direction so as to avoid these axes. If the negative ions approach to the cerium
ion along the principal axes, the Coulomb energy of the 4 f electron is preferable to the I'z
ground state, compared with the I's ground state, indicating that the I's state becomes
an excited state.
In general, the CEF Hamiltonian can be expressed as follows:

Heer = Y BrOy. (2.12)

n,m

If the number of the f electron is odd, namely, J has the half-integer for Ce3*, Nd3*,
Sm3*+, Dy3t, Er** and Yb3t, the 4f energy level always possesses the doublet. This
is called Kramers theorem, and this doublet is called the Kramers doublet. Kramers
degeneration is based on the time reversal symmetry, and the doublet ground state always
holds even if the crystal structure is changed into the low symmetry. Namely, its magnetic
properties are different whether the number of the f electron is odd or even. When the
magnetic field is applied to the system, all the degenerated 4f states, including the
Kramers doublet, split into singlets. In the present thesis, Ce- and Yb- based compounds
are studied mainly. The corresponding CEF scheme has been already shown in Fig.
2.2. U-based compounds are also studied. 5f2 or 5f configurations are treated in
the CEF scheme, although it is difficult to determine the CEF scheme in the uranium
compounds because the effective magnetic moments of 5f2 and 5f3 are 3.58 and 3.62
us/U, respectively, revealing almost the same value, and 5f electrons become itinerant
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at low temperatures.!”

We can obtain the mangetic moment of the f electron by measuring the magnetic
susceptibility or magnetization under magnetic field H, considering the Zeeman energy
term, as follows:

H = HCEF —_ gJ,uBHJz (H//Z) . (2.13)

Here i) is the state of the 4f energy level 4, F; is the eigenvalue, and p; is the magnetic
moment of the energy level. The energy level is influenced by the other energy levels. We
represent this energy state as |z> and E; (H). Namely, we calculate the energy state under
magnetic field, |z> and E;(H), by diagonalizing the matrix of the Hamiltonian eq. (2.8).
We calculate the magnetization and the magnetic susceptibility by |2> and E;(H). Here,
the Helmholtz free energy F' can be expressed by the partial function Z as follows:

F = —kgThZz, (2.14)
E;(H)

Z = Ze_ BT (2.15)

The magnetization M is expressed as the differential of F' by magnetic field:

_oF
0H

Z L, e—Ei(H)/kBT

3
S e BT
i

= (1), (2.16)

M =

where p,, is the magnetic moment of the state |z>

_OE;(H)
o = oH
= gJuB<i|Jin>. (2.17)

Namely, the magnetization M corresponds to the average (u,,) of the magnetic moment

Mz
The magnetic susceptibility x is the differential of magnetization M /0H(H — 0):

om e (( (2" (om0 (7 019
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In case of the calculation of the magnetic susceptibility, we can treat the Zeeman energy
—gyupHJ, as the perturbation. The energy E;(H) by the second perturbation can be
expressed as follows:

B(H) = B~ g UL + (g B2 3 1 [(CRADI

- (2.19)
o i B
By using eq. (2.19), eq. (2.18) is obtained as
(gJ,U:B)2 Ze—Ei/kBT |J | | + 2k TZ | JI‘] I%'
B ; E;
= 979 (2.20a)

kpT ) e FilksT

Eq. (2.20a) is the general expression of the magnetic susceptibility under consideration
of CEF, but another expression is often used:

. 12 __FE;/kpT
Z|<Z|JZiZ>| ¢ ; i/kp —E;/kpT

_ (gJ,UB)2 . (ze EilksT _ ¢
-~ e + ;%luuzml BT

(2.20b)

The first term is the Curie term which can be determined from the diagonal terms of the
matrix J,, and the second term is related to the non-diagonal terms. Namely, it is the
Van-Vleck term, which is related to the transition between the states. It is known from
eqs. (2.20) that the magnetic susceptibility can be determined from the state of the f
electron without magnetic field.

Next, we calculate J, for the cubic Ce3*. The J, matrix can be expressed as follows:

) |rf) Irn rp Ty g

/ )

rgll -8 o 25 0o 0 0
| o § 0 =B 0 0
Jo= (g |2 o & g o o [ (2.21)
(Tgl 0 S 0 0
(Cal{ 00 0 0 4 0
s\ o o o o 0 -1 )

We obtain the magnetic moment as —5/7 ug for |I'¢) and +5/7 ug for [T'5) from g; = 6/7.
The summation over the two degenerated states of the I'; state is zero. The magnetic
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moments for [T%), [T§), |T3) and |T%) are 11/7 ug, —11/7 pg, 3/7 ps and —3/7 ug, re-
spectively. Eq. (2.20b) can be expressed as follows (I'; is the ground state, I's is the
excited state and Er, — Er, = A):

25 65 —A/ksT
(gJ,UB)Z % -+ Ee B N 40 (1 _ e—A/kBT)

kT 9A

X T4 2c-a/kT (222

Figures 2.5(a) and (b) show the temperature dependence of the inverse magnetic sus-
ceptibility and magnetization, respectively, on the basis of egs. (2.16), (2.20) and (2.21),
for three cases: no CEF, I'; ground state and I's ground state with the splitting energy
A =200K between I'; and I's. If there is no CEF, A — 0 and x, = %5 (gJ,uB)2 /3ksT.
The case of A — 0 is equivalent to the expression kg7 > A and to the Curie law which
ignores CEF. When I'; is the ground state, the magnetization approaches the magnetic
moment of 0.7 — 0.8 ug. On the other hand, when Iy is the ground state, the magnetiza-
tion becomes 1.7 — 1.8 up. If the Zeeman energy due to the magnetic field is larger than
the CEF splitting energy, the magnetization becomes the saturated magnetic moment
gsJ.

The 4f-localized situation is applied to most of the lanthanide compounds in which
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction plays a predominant role in magnet-
ism.'8-2) The mutual magnetic interaction between the 4f electrons occupying different
atomic sites cannot be of a direct type such as 3d metal magnetism, but should be indirect
one, which occurs only through the conduction electrons.

In the RKKY interaction, a localized spin S; of the 4f electron interacts with a
conduction electron with spin s, which leads to a spin polarization of the conduction
electron. This polarization interacts with another neighboring spin S; and therefore

—~ 400 ' T T T T T T T T T T T T T
2 Ce** (cubic) no CEF
a b
E ® Ce™ (cubic) ~ 9 ®) e ]
5] _ o i © T memme==mnTTTT
O 3001 A=200K o} P Ty
5 ’ Ly e
g ) ‘,' ‘
~ ol =] i
z 200 T 1 £ |
— 04 < .
3 8 h
;E;. l 7% “¢—— no CEF 2 ! -:"':' I
g 100} 4 2 b A=200K
% Ty = T=42K
4 ol
9] oo
E 0 al 1 ! 1 1 0 1 ) 1 ! | 2 1 3
0 100 200 300 0 50 100
Temperature (K ) Magnetic Field (T)

Fig. 2.5 (a)Inverse magnetic susceptibility and (b) magnetization for A = 200K in
cubic Ce3t, cited from ref. 14.



2.2. KONDO EFFECT AND HEAVY FERMIONS 11

creates an indirect interaction between the spins S; and S;. This indirect interaction
extends to the far distance and damps with a sinusoidal 2kr oscillation (named the Friedel
oscillation), where kr is half of the caliper dimension of the Fermi surface. When the
total spin angular momentum of 4 f electrons increases in such a way that the lanthanide
element changes from Ce to Gd or reversely from Yb to Gd in the compound, the magnetic
moment becomes larger and the RKKY interaction stronger, leading to the magnetic
ordering. The ordering temperature roughly follows the de Gennes relation, (g;—1)2J(J+
1) if the overall CEF splitting energy is small compared with the strength of the magnetic
exchange interaction. Here g, is the Landé g-factor and J is the total angular momentum.

2.2 Kondo effect and heavy fermions

Contrary to what happens at a large U, higher V;; tends to enhance the hybridization
of the 4f electron with conduction electrons, thus accelerating the delocalization of the
4f electron. The delocalization of the 4f electron tends to make the 4f band wide. When
E¢ > V¢, the 4f electron is still better localized and the Kondo regime is expected in
the Ce compounds.

The study of Kondo effect began when a low-temperature resistivity minimum was
found for non-magnetic metals with ppm-order magnetic impurities. Kondo showed the-
oretically that the electrical resistivity increases logarithmically at low temperatures,
namely, p(T) ~ InT, as a result of the spin-flip scattering of the conduction electrons
by the localized magnetic moments of impurities.?) In the 3d-based dilute alloys, the
magnetic impurity Kondo effect can be observed only in the case of very low concentra-
tion 3d magnetic impurities. This is because the degeneracy of the localized spins is very
important for the Kondo effect. When the concentration of 3d magnetic impurities is
increased, the 3d elements would come near each other and thus the overlapping or in-
teraction between 3d shells would occur, which would lift the degeneracy of the impurity
spin and suppress the Kondo spin-flip process.

Since the observation of the p(T) ~ InT dependence in CeAls by Buschow et al.??,
many rare earth compounds, in particular, Ce compounds were found to show the anoma-
lous behavior similar to the impurity Kondo effect. In these compounds, the 4 f ions have
very high concentration and can even form the crystalline lattice with the anions and
thus it cannot be considered as the impurities. From the appearance of a Kondo-like
behavior, this phenomenon is called the dense Kondo effect.

The property of the dense Kondo effect at high temperatures is the same as that of
the dilute Kondo system, but at low temperatures it is quite different in behavior. For
instance, we show in Fig. 2.6 the temperature dependence of the electrical resistivity in
Ce,La;_,Cug.?? This resistivity increases logarithmically with decreasing the tempera-
ture for all range of concentration. The Kondo effect occurs independently at each Ce
site, because the slope of the logarithmically curve is almost proportional to the concen-
tration of Ce. In CeCug (z = 1), the behavior is, however, very different from the dilute
Kondo impurity system. The resistivity increases with decreasing the temperature, forms
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100 llllll T Illlllll T llllllll T Illlllll 1 Illlllll T T T

CerLaCug
J /] a-axis

50 0.90

p (nQ-cm)

Temperature (K)

Fig. 2.6 Temperature dependence of the electrical resistivity in Ce,La;_,Cug, cited from
ref. 23.

a maximum around 15 K and decreases rapidly at lower temperatures, following the Fermi
liquid nature of p = pg + AT?. This behavior is in contrast to the dilute system (z =
0.094) characterized by a resistivity minimum, -InT dependence, and finally the constant
residual resistivity called the unitary limit.

The many-body Kondo bound state is now understood as follows: For the simplest
case of no orbital degeneracy, the localized spin S(1) is coupled antiferromagnetically with
the conduction electrons s(}). Consequently the singlet state {S(1)-s({)£S5(1)-s(1)} is
formed with the binding energy kgTx. Here the Kondo temperature Tk is the single
energy scale. In other words, disappearance of the localized moment is thought to be
due to the formation of a spin-compensating cloud of the conduction electrons around
the impurity moment.

The Kondo temperature in the Ce compounds is large compared with the magnetic
ordering temperature based on the RKKY interaction. For example, the Ce ion is trivalent
(J = 2) and the 4 energy level splits into the three doublets by the crystalline electric
field, namely possessing the splitting energy of A; and A,, as shown in Fig. 2.2(a).

The Kondo temperature is given as follows?4):

1
T: = — 2.2
k = Dexp { 371D (Ee) } when T > Ay, A, (2.23)
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and

2 1

Ty = ——Dexp{ ——
K= A, p{ o1 D(Er)

} when T' < Ay, A (2.24)

Here D, |J.¢| and D(Er) are the band width, exchange energy and the density of states at
the Fermi energy Ey, respectively. If we assume Tk ~ 5K for D = 10*K, A; = 100K and
A, = 200K, the value of T ~ 50K is obtained, which is compared with the S = %-Kondo
temperature of 1073 K defined as Tg = D exp{—1/|J.s|D(Er)}. These large values of the
Kondo temperature shown in egs. (2.23) and (2.24) are due to the orbital degeneracy of
the 4f levels. Therefore, even at low temperatures the Kondo temperature is not 7% but
Tk shown in eq. (2.24).

On the other hand, the magnetic ordering temperature is about 5K in the Ce com-
pounds, which can be simply estimated from the de Gennes relation of (g7 — 1)2J(J +1)
under the consideration of the Curie temperature of about 300K in Gd. Therefore, it
depends on the compound whether magnetic ordering occurs at low temperatures or not.

The ground state properties of the dense Kondo system are interesting in magnetism,
which are highly different from the dilute Kondo system. In the cerium intermetallic
compounds such as CeCug, cerium ions are periodically aligned whose ground state cannot
be a scattering state but becomes a coherent Kondo lattice state.

The effective mass m* of the conduction electron in the Kondo lattice of CeCug is
extremely large, compared with the mass of the free electron. It is reflected in the elec-
tronic specific heat coefficient v and magnetic susceptibility x(0), which can be expressed
as

v= 27T23kB2D(EF) (2.25a)
kp’kp
=52 m" (free electron model), (2.25b)
and
x(0) = 2052 D(Er) (2.262)
= ugp? legz m*  (free electron model). (2.26b)

where kr is Fermi wave number. These parameters are proportional to the effective mass.
The electrical resistivity p decreases steeply with decreasing the temperature, following
a Fermi liquid behavior as p ~ AT? with a large value of the coefficient A2, The
v/A value is proportional to the effective mass of the conduction electrons m* and thus
inversely proportional to the Kondo temperature. Correspondingly, the electronic specific
heat coefficient y roughly follows the simple relation v ~ 10*/Tk (mJ/K?-mol) because
the Kramers doublet of the 4f levels is changed into the « value in the Ce compounds:
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Tk C
Rln2 = / =dT, (2.27)
o T

C =T, (2.28)
thus

Rmn2 5.8x103
T« Tk

v = (mJ /K2-mol). (2.29)
It reaches 1600 mJ/K2-mol for CeCug 2%} because of a small Kondo temperature of 4-5K.
The conduction electrons possess the large effective masses and thus move slowly in the
crystal. Actually in CeRu,Si,, an extremely heavy electron of 120 my was detected from
the de Haas-van Alphen (dHvA) effect measurements 26:27).

Therefore, the Kondo lattice system is called a heavy fermion or heavy electron system.
It is noticed that the Ce-based Kondo lattice compound with magnetic ordering also
possesses the large v value even if the RKKY interaction overcomes the Kondo effect
at low temperatures. For example, the v value of CeBg is 260 mJ/K2-mol?®, which is
roughly one hundred times as large as that of LaBg, 2.6 mJ/K?-mol*®. This means that
the Kondo effect at high temperatures influences the electronic state, although the 4f
electron is localized and orders antiferromagnetically.

A significant correlation factor is thought to be the ratio of the measured magnetic
susceptibility x(0) to the observed v value:

e () () o

This ratio Ry is called Wilson-Sommerfeld ratio. Stewart 39 evaluated Rw for the heavy
fermion system, as shown in Fig. 2.7. In the f electron system, Ry is not 1 but roughly
2. Kadowaki and Woods stressed the importance of a universal relationship between
A and 7, as shown in Fig. 2.8.3) They noted that the ratio A/ has a common value
of 1.0 x 107° pQ-ecm-K2-mol?/mJ2. In Fig. 2.8, another line shown by a broken line is
presented.?? The Kadowaki-Woods relation is most likely applied to the doublet ground
state in the CEF scheme, or the S = 1/2 case. In the other words, this relation is applied
to the case that the f-electron with the doublet ground state becomes itinerant. The
conduction electrons based on eq. (2.24), for example, is applied to the Kadowaki-Woods
relation. On the other hand, a dotted line is applied to the conduction electrons based
on eq. (2.23), for example, in the Ce case.
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2.3 Competition between the RKKY interaction and
the Kondo effect

The electronic state in the cerium compound can be qualitatively understood by the
competition between the Kondo screening and the tendency towards magnetic ordering
via RKKY-type indirect exchange mechanism. The Kondo temperature T depends
exponentially on |J;| as follows:

Ti o e~ DEar (2.31)

The magnitude of an indirect RKKY interaction can be characterized by the ordering
temperature Trxky as follows:

Trrxy  |Jet|*D(Er), (2.32)
where
Vg
S gt (2.33)

Actually the magnitude of this interaction is also dominated by the de Gennes factor,
and eq. (2.32) is given by the product with (g7 — 1)2J(J + 1). This leads to the phase
diagram for a Kondo lattice, originally derived by Doniach®. Figure 2.9 is well known
as the Doniach phase diagram. If |J.|D(Ep) is small, the compound becomes an anti-
ferromagnet with a large magnetic moment, while with increasing |J|D(Er), both the
magnetic moment and the ordering temperature tend to zero. The critical point where
T becomes zero is called a quantum critical point (QCP). Above the quantum criti-
cal point, Kondo lattice paramagnetism is realized and consequently the f-atom valency
becomes unstable, leading to the heavy fermion system. Here, the heavy fermion sys-
tem is based on the Landau’s Fermi liquid, where the interacting electron system or the
heavy electron system is related to the non-interacting one by the scaling law without a
phase transition. The characteristic features are p = py + AT?, C/T(T — 0) = v and
x(T — 0) = x(0) at low temperatures: VA~~~ x(0).

Nearby the quantum critical point, the cerium compounds with an extraordinary
wide variety of possible ground states are found. These include Kondo lattice compounds
with magnetic ordering (Celng, CeAls, CeBg), small-moment antiferromagnets (CePd,Sis,
CeAlj), an anisotropic superconductor (CeCu2Siz), no magnetically ordered Kondo lattice
compounds or the heavy fermion compounds (CeCug, CeRuySiz) and valence fluctuation
compounds (CeNi, CeRhy, CeRug, CeSns). Significant differences are small between the
heavy fermion compounds (CeCug, CeRusSis) and valence fluctuation compounds (CeNi,
CeRh,, CeRug, CeSn;), mainly depending on the magnitude of the Kondo temperature.
It is, however, noted that a heavy fermion compound CeCug is changed into the valence
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Fig. 2.9 Doniach phase diagram cited from ref. 34.

fluctuation compound by applying pressure. There might occur an electronic instability
in magnetic fields at a crossover region from the heavy fermion state to the valence
fluctuation state. This is studied later in CeCug under pressure.

We note the non-magnetic cerium compounds at low temperatures. In CeCug and
CeRu,Siz with a small Kondo temperature, there exist no magnetic ordering but exist
antiferromagnetic correlations between the Ce sites®), showing the metamagnetic behav-
ior in the magnetic field: H,, = 20kOe in CeCug®® and 80kOe in CeRu,Si, as shown
later.®”) The results of dHvA experiments®”»3%:3% and the band calculations?® in CeRu,Siy
show that 4f electrons are itinerant. Namely, the 4f electrons in the cerium compounds
such as CeSnz with a large Kondo temperature, which belong to the valence-fluctuation
regime, are also itinerant in the ground state and contribute directly to the formation of
the Fermi surface.41:4%)

Furthermore, we pay attention to the non-magnetic Ce compounds to clarify the mag-
nitude of Kondo temperature reflected in the magnetic susceptibility. Figure 2.10 shows
the temperature dependence of the magnetic susceptibility in some cerium compounds
without magnetic ordering: CeCug (T ~5K), CeRu,Si; (20K), CeNi (150 K) and CeSng
(200K)." The magnetic susceptibility in these compounds follows the Curie-Weiss law at
higher temperatures, possessing the magnetic moment near Ce®t of 2.54 up, while it be-
comes approximately temperature-independent with decreasing the temperature, namely
showing a broad maximum and then forming enhanced Pauli paramagnetism. The tem-
perature Tymax indicating the broad peak of the susceptibility almost corresponds to the
characteristic temperature Tx.

Experimentally, pressure corresponds to |Js|D(er)). For example, the Néel temper-
ature Ty in an antiferromagnet decreases with increasing pressure, and becomes zero:



2.3. COMPETITION BETWEEN THE RKKY INTERACTION AND THE KONDO EFFECT19

100 [ LR ALY LERLBLILRRLL | T v vy

fo ""'»m H
CeRu,Si,

10 i~

% (IO'Semu/mol)

Q
=
c
~N
e d

wul L 1l taannl Ll

1 10 100 1000
Temperature (K)

Fig. 2.10 Temperature dependence of the magnetic susceptibility for typical Ce and U
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Ty — 0 for P — P.. The electronic state thus can be tuned by pressure. Namely,
the antiferromagnet is changed into the non-magnetic compound. Around the quantum
critical point, the heavy fermion state is realized as mentioned above, together with the
non-Fermi liquid nature and appearance of superconductivity.

The non-Fermi liquid behavior around the quantum critical point is one of the recent
topics in the f electron system. In the non-Fermi liquid system the following relations
are characterized:

p ~ T" withn <2, (2.34)
C/T ~ —logT. (2.35)

The typical non-Fermi liquid nature and appearance of superconductivity were observed
in CeCuyGe, under pressure.*3) CeCuyGe, is an antiferromagnet with Ty = 4K, but su-
perconductivity is realized under pressure as in a heavy fermion superconductor CeCusSis.
Figure 2.11 shows the low-temperature resistivity of CeCuyGe, for 9.7 < P < 18.6 GPa.
At 15.6 GPa, the electrical resistivity decreases linearly with decreasing temperature: p
~ T™(n = 1), and becomes zero below the superconducting transition temperature Ty,
= 1.8K.

Finally we note how the electronic state changes as a function of the distance be-
tween neighboring two f electrons. This is based on a so-called Hill plot*? and the



20 CHAPTER 2. REVIEW OF RELEVANT PHYSICS IN F-ELECTRON SYSTEMS

100

80
|

40

20

Fig. 2.11 Low-temperature resistivity under various pressure in CeCuyGes, cited from
ref. 43.

20—
USn;,

150 -

100} UPb,

y (mJ/K? + mol)

50} -
| USi,

UGe;
0 ] i 1 L 1 2 1 " 1
4.0 42 44 4.6 4.8
Lattice Parameter (A)

Fig. 2.12 v vs the lattice constant in UX3, cited from ref. 1.

Doniach phase diagram. Figure 2.12 shows the relation of the electronic specific heat co-
efficient v vs the lattice constant in UX3.) The uranium compounds UX3 with the cubic
AuCus-type crystal structure, where X is a group IVb (X: Si, Ge, Sn and Pb) element
of the periodic table, show various magnetic properties: Pauli paramagnetism in USi3
and UGes, spin fluctuation in USnz, and antiferromagnetism in UPbs. The variety in
the magnetic properties is closely related to the lattice constant or the distance between
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the U atoms, dy_y. This is reflected in the electronic specific heat coefficient 7, which
varies from 14mJ/K2-mol in USiz to 170mJ/K?-mol in USnj, as shown in Fig. 2.12.
When the antiferromagnetic order occurs at Ty = 30K in UPbg, the v value is reduced
to 110mJ/K2-mol. The ~y value in the UX3 (IVb) series thus depends on the lattice con-
stant, dy_y. We can be deduced from Fig. 2.12 that as dy_y becomes shorter, the wave
function of 5f electrons is overlapped, enhancing Pauli itinerancy, while with increasing
dy_y, forming a heavy fermion state, as shown in USns, and finally the 5f-electronic
state exhibits magnetic ordering. The typical heavy fermion state most likely exists in
an electronic state between USns and UPb;.

Another example is the CeTXj (T : Co, Rh, Ir, X : Si, Ge) case. The Néel temperature
Tn and the « value for CeTSi; and CeTGes with the non-centrosymmetric tetragonal
crystal structure shown in Figs. 2.13 as a function of the average lattice constant 3v/a2c.
Note that the lattice constant decreases from left to right. The observed relation of
Tyx vs 3vaZc in Fig. 2.13(a) corresponds to the Doniach phase diagram, including a
competition between the RKKY interaction and the Kondo screening effect. In fact, an
antiferromagnetic state is changed into the heavy fermion superconducting state under
pressures of 25 GPa in CelrGes, 6.5 GPa in CeCoGes, and 2.5 GPa in CeRhSi; and
CelrSis. Superconductivity in CelrSiz will be shown later.

One of the characteristic properties of heavy fermion compounds is a metamagnetic
behavior or an abrupt nonlinear increase in magnetization at a magnetic field Hy, at
temperatures below T}, - Figure 2.14 shows typical magnetization curves for CeRu,Siy3")
and UPt3%®). Metamagnetic behavior appears at H, = 77 kOe in CeRusSi; and at Hy, =
200 kOe in UPt3. Note that the metamagnetic behavior is of the Ising type in CeRusSiz,
which occurs for the magnetic field along the tetragonal [001] direction (c-axis). On the
other hand, it is of the zy-type in UPt3, which occurs for the magnetic field in the basal
plane, namely perpendicular to the hexagonal [0001] direction (c-axis). The magnetic field
dependence of specific heat in these compounds has a maximum at Hy,. For H > H,,, the
cyclotron effective mass m?, which is determined from the temperature dependence of de
Haas- van Alphen (dHvA) oscillation, decreases with an increase in magnetic field. The
mass reduction at magnetic fields above Hy, is a characteristic feature of heavy fermion
compounds.

There exist, however, controversial proposals on the basis of the experimental results
for these metamagnetic behaviors, for example in CeRu,Siy.2"373%4%5%) From the mag-
netization measurement in CeRusSiz, the metamagnetism is not of the first-order phase
transition, suggesting that the itinerant nature of f electrons is preserved in the mag-
netized state at H > H,,.>® On the other hand, Fermi surfaces of CeRu,Si, at H >
H_, can be explained very well by the 4f-localized band model, whereas Fermi surfaces
below H,, are well explained by the 4f-itinerant band model, as mentioned above.”)
The itinerant electron metamagnetism in heavy fermion systems has not yet been settled
experimentally, but plausible explanations have been given theoretically.55-6%)

The metamagnetic transition is one of the important characteristics in the heavy
fermion compounds. It is also due to the hybridization effect between the conduction
electrons and almost localized f-electrons, as mentioned above. As a consequence, the
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almost localized f-electrons become itinerant with decreasing temperature through the
many-body Kondo effect. The crossover from localized to itinerant occurs at a character-
istic temperature 7}, where the magnetic susceptibility has a maximum, as mentioned
above. T, . corresponds approximately to the Kondo temperature Tk, which is about
20 K in CeRu,Siy, for example. At temperatures lower than T, _, the metamagnetic

transition occurs at a magnetic field Hy, such that kgT),., = geaptsHm. Figure 2.15
shows the relation of Hp, vs T}, in cerium and uranium compounds.?

max
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2.4 Fermi surface properties

Fermi surface studies are very important because the ground-state properties of the
electronic state are clarified.'® As mentioned in Sec. 2.2, the ground state of the Ce
compounds is mainly determined by the competition between the RKKY interaction and
the Kondo effect (see Fig. 2.9). When Trxky overcomes Tk, the ground state is the
magnetic ordered one, and 4f electron is regarded as localized. On the other hand, when
the Kondo effect is dominant, the ground state is the non-magnetic one, and the 4f
electrons become itinerant.

In the 4f-localized system, the Fermi surface is similar to that of corresponding La
compound, but the presence of 4f electrons alters the Fermi surface through the 4f-
electron contribution to the crystal potential and through the introduction of new Bril-
louin zone boundaries and magnetic energy gaps which occur when 4 f-electron moments
order. The latter effect may be approximated by a band-folding procedure where the
paramagnetic Fermi surface is folded into a smaller Brillouin zone based on the mag-
netic unit cell, because the magnetic unit cell is larger than the chemical one. If the
magnetic energy gaps associated with the magnetic structure are small enough, conduc-
tion electrons undergoing cyclotron motion in the presence of magnetic field can tunnel
through these gaps and circulate the orbit on the paramagnetic Fermi surface. If this
magnetic breakthrough (breakdown) effect occurs, the paramagnetic Fermi surface might
be observed in the de Haas-van Alphen (dHvA) effect even in the presence of magnetic
ordering.

For Kondo lattice compounds with magnetic ordering, the Kondo effect is expected
to have minor influence on the topology of the Fermi surface, representing that the
Fermi surfaces of the Ce compounds are roughly similar to those of the corresponding
La compounds, but are altered by the magnetic Brillouin zone boundaries mentioned
above. Nevertheless, the effective masses of the conduction carriers are extremely large
compared with those of La compounds, as noted in the case of CeBg. In this system, a
small amount of 4f electron most likely contributes to make a sharp density of states at
the Fermi energy. Thus, the energy band becomes flat around the Fermi energy, which
brings about the large effective mass.

In some cerium compounds such as CeCug, CeRu,Si,, CeNi and CeSng, the magnetic
susceptibility follows the Curie-Weiss law with a moment of Ce3t, 2.54 ug/Ce, has a
maximum at a characteristic temperature T} max, and becomes constant at lower temper-
atures (see Fig. 2.10). This characteristic temperature Tymax corresponds to the Kondo
temperature Tk as mentioned in Sec. 2.2. A characteristic peak in the susceptibility is
a crossover from the localized 4f electron to the itinerant one. The Fermi surface below
Ty e 18 thus highly different from that of the corresponding La compound. The cyclotron
mass is also extremely large, reflecting a large y-value of y ~ 10* /T (mJ/K2-mol) based
on eq. (2.29). The cerium compounds are thus classified as either the localized electron
system or the itinerant electron system.

The electronic states in Ce, Yb and U compounds can be tuned by applying pressure P
and/or magnetic field H. The Néel temperature in the Ce compounds becomes a guiding
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parameter to tune the electronic state under pressure. The quantum critical point is
therefore defined as the electronic state at which the Néel temperature becomes zero at
the critical pressure P.: Ty — 0 at P — P.. We clarified the Fermi surface properties as
a function of pressure, especially at P, for three typical antiferromagnets of CeRh,Siy,
Celng and CeRhlIns'?. The following are the experimental results of CeRhlIns.

The dHvA results for an antiferromagnet CeRhlns; were studied under pressure in
comparison with those of a non-4f reference compound LaRhIns and a heavy fermion
superconductor CeColns without magnetic ordering®%%. With increasing pressure P,
the Néel temperature Ty = 3.8 K in CeRhlns increases, has a maximum around 1 GPa,
and decreases with further increasing pressure, as shown in Fig. 2.16(a). The critical
pressure P, is 2.0 GPa, while a smooth extrapolation indicates Ty — 0 at a pressure of
2.3 - 2.5 GPa. CeRhlnj reveals superconductivity over a wide pressure region from 1.6
to 5.2 GPa. Its transition temperature T, has a maximum around 2.3 - 2.5 GPa, with
Ty = 2.2 K. From the NQR and specific heat experiments®¥ %7, together with the dHvA
experiment®) shown below, the critical pressure is P. (H = 0) ~ 2.0 GPa at zero field,
whereas P, (H # 0) = 2.4 - 2.5 GPa in magnetic fields, as shown in Fig. 2.16(b).

To elucidate a change of the Fermi surface properties under pressure, the pressure
dependences of the dHvA frequency and the cyclotron mass were studied, as shown in
Figs. 2.16(d) and 2.16(g)®"). The dHvA frequencies for the main dHvA branches named
B2, a1, and ag3 are approximately unchanged up to about 2.3 GPa.5) These branches,
however, disappear completely at P,(H # 0) ~ 2.4 GPa. New branch a3 appears abruptly
at 2.4 GPa, together with appearance of branches a; and as at higher pressures.

The detected dHvA branches of CeRhIng at ambient pressure and below 2.3 GPa, as
shown in Fig. 2.16(d), are well explained by the experimental dHvA branches in a non-4f
reference compound LaRhIng and the result of energy band calculations for LaRhIns, as
shown in Figs. 2.16(c) and 2.16(f)?. The corresponding topologies of the main Fermi
surfaces in CeRhlng are nearly cylindrical and are found to be approximately the same
as those in LaRhIn;, indicating that the 4 f electron in CeRhlnj is localized and does not
contribute to the volume of the Fermi surfaces.

Above P.(H # 0) ~2.4GPa, the detected dHvA frequencies change abruptly in mag-
nitude, but correspond to those in CeColns, as shown in Fig. 2.16(e). The main Fermi
surfaces in CeColns, as shown in Fig. 2.16(h), are also nearly cylindrical. The topologies
of two kinds of cylindrical electron Fermi surfaces in CeColns are similar to those in
LaRhIn;(CeRhlIng), but the Fermi surfaces of CeColns are larger than those of LaRhIng
in volume. The detected dHvA branches in CeColns are consistent with the 4 f-itinerant
band model®®. This is because one 4f electron in each Ce site in CeColns becomes a
valence electron and contributes to the conduction electrons. The contribution of the 4 f
electron to the density of states at the Fermi energy is about 70%. The corresponding
cyclotron masses of 5-87 mg in CeColng are extremely large.

As shown in Fig. 2.16(g), the cyclotron masses of the main branches f; and ay3 in-
crease rapidly above 1.6 GPa, where superconductivity sets in: 5.5mg at ambient pressure,
20myg at 1.6 GPa, and 60 mg at 2.2 GPa for branch 32. On the other hand, the cyclotron
mass of the new branch a3, which was observed above 2.4 GPa, decreases slightly with
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increasing pressure: about 30mg at 2.4 GPa and 24 my at 2.9 GPa. Branch 35 was, how-
ever, not detected above 2.4 GPa. This is mainly due to a large cyclotron effective mass
close to 100 m,.

From these experimental results, the critical pressure under magnetic fields is deter-
mined as P,(H # 0) ~ 2.4 GPa. The corresponding topology of the Fermi surface is, thus,
found to be different between P < P.(H # 0) (~2.4GPa) and P > P,(H # 0). A marked
change in the 4 f-electron nature from localized to itinerant is realized at P.(H # 0) (~
2.4 GPa), leading to noticeable changes in the Fermi surfaces. Superconductivity is, how-
ever, observed in the pressure region ranging from 1.6 to 5.2GPa. It is important to
emphasize that the cyclotron masses are extremely large in this pressure region, form-
ing a heavy fermion state. The similar first-order phase transition was studied from a
viewpoint of Fermi surface properties for CeRhySi, and Celnz'25870),
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2.5 Superconductivity

The microscopic theory of superconductivity, which was provided by Bardeen, Cooper
and Schrieffer in 1957, is based on a following idea.” When an attractive interaction
between fermions is present, the stable ground state is no longer the degenerated Fermi gas
but becomes a coherent state in which the electrons are combined into pairs of spin-singlet
with zero total momentum (Cooper pairs). A conduction electron attracts the positive
ion and distorts the lattice by moving in the lattice, and then the distortion attracts
another conduction electron. Namely, the interaction between two electrons mediated by
the phonon forms the Cooper pair of the electrons. Since an excited energy of BCS type
superconductor has an isotropic superconducting gap A, namely the superconducting
energy gap is opened over the entire of the Fermi surface, the temperature dependence
of physical quantities obeys the exponential law theoretically (T'-3/2¢=4/ksT),

It is difficult to express superconductivity for the compounds which have heavy quasi-
particles located adjacent to the quantum critical point by the attraction mediated the
phonon because of strongly Coulomb repulsion. It have been found the heavy fermion
superconductor located adjacent to the quantum critical point. This superconductor does
not obeys the exponential law of the temperature but obey the power law. We explain
the present unconventional (anisotropic) superconductivity.

Anisotropic superconductivity

Heavy fermion superconductors are, however, well known to show the power law in
physical properties such as the electronic specific heat C, and the nuclear spin-lattice
relaxation rate 1/77, not indicating an exponential dependence predicted by the BCS
theory, namely :

T3 (axialtype, pointnode)
C.={ T? (polartype,linenode) (2.36)
T (gapless)

1 T® (axialtype, pointnode)
— = ¢ T° (polartype, linenode) (2.37)
T (gapless)

w

This indicates the existence of an anisotropic gap, namely existence of a node in the
energy gap. When we compare the phonon-mediated attractive interaction based on the
BCS theory to the strong repulsive interaction among the f electrons, it is theoretically
difficult for the former interaction to overcome the latter one. To avoid a large overlap of
the wave functions of the paired particles, the heavy electron system would rather choose
an anisotropic channel, like a p-wave spin triplet or a d-wave spin singlet state, to form
Cooper pairs.
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(a) s-wave (b) d-wave (c) p-wave

T‘I’(r) h
S ANAY: A

N

Fig. 2.17 Schematic view of the superconducting parameter with the s-, d- and p-wave
pairing, cited from ref. 14.

(a) normal state (b) BCS type

(c) polar type (d) axial type

@

Fig. 2.18 Schematic picturc of the gap structures: (a)normal state, (b) BCS-type su-
perconductor, which has an isotropic gap, (c) polar type and (d)axial type, cited from
ref. 14.
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Figure 2.17 shows a schematic view of the superconducting parameter with the s-, d-
and p-wave pairing. The order parameter ¥(r) with the even parity (s- and d-wave) is
symmetric with respect to r, where one electron with the up-spin state of the Cooper pair
is simply considered to be located at the center of ¥(r), » = 0, and the other electron
with the down-spin state is located at 7. The width of ¥(r) with respect to = is called the
coherence length £. For example, UPdyAl; is consider to be a d-wave superconductor from
the NMR Knight shift experiment,” which corresponds to the case (b) in Fig. 2.17. On
the other hand, ¥(7) with odd parity (p-wave) is not symmetric with respect to r, where
the parallel spin state is shown in Fig. 2.17(c). From the NMR Knight shift experiment,
UPt;3 is considered to possess odd parity in symmetry.”)

For an anisotropic state, there are three kinds of gap structures, as shown in Fig. 2.18.
First one indicates the superconducting gap, which is the same as the s-wave and is
isotropic. This is called the Balian-Werthamer (BW) state. Second one shows a line node
in the equator on the Fermi surface. This structure is called the polar type, as shown in
Fig. 2.18(c). Third one has a point node in the pole on the Fermi surface. This condition
has the Anderson-Brinkman-Morel (ABM) state. This is called the axial type, as shown
in Fig. 2.18(d).

Pressure-induced superconductivity

The study of unconventional superconductivity is still active in condensed matter
physics, ever since the discovery of the first heavy fermion superconductor, CeCuySis.¥
Recently, some Ce-based heavy fermion compounds were found to exhibit superconduct-
ing under pressure, as shown in Fig. 2.19 for Celns.™ In these compounds, superconduc-
tivity appears around the quantum critical point. The similar pressure-induced super-
conductivity was also reported for the other Ce-based compounds such as CeCuyGe,™
and CeRh,Si,.7®7) In these compounds, the attractive force between quasiparticles are
possible to be magnetically mediated, not to be phonon-mediated.

CeCu,Si, is a superconductor with the transition temperature Ty, = 0.7 K at ambient
pressure. When pressure is applied, T initially remains close to its ambient pressure value
but shows a sudden increase of T = 2K at about 3 GPa.”™ This strange superconducting
phase was also observed in a pressure-induced superconductor CeCuyGe,.™ According
to the report by Holmes et al.,”® these anomalies can be linked with an abrupt change
of the Ce valence, and suggested a second quantum critical point at a pressure P,, where
critical valence fluctuations provide the superconducting pairing mechanism, which is
compared with superconducting pair mechanism based on spin fluctuations at ambient
pressure in CeCusSis or at 10 GPa in CeCuyGe,, as shown in Fig. 2.20. Figure 2.20 shows
the temperature-pressure phase diagram for CeCuySi; and CeCusGe;, showing the two
critical pressures P, and P,.

Superconductivity in the non-centrosymmetric crystal structure

Recently, it has been reported that CePtsSi is the first heavy fermion supercon-
ductor lacking a center of inversion symmetry in the tetragonal structure, where the
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upper critical field He = 50kOe exceeds the Pauli paramagnetic limiting field H, =
10kOe,” and the spin relaxation rate of '%Pt-NMR indicated a clear peak structure
just below the superconducting transition temperature Ty, = 0.75K.89 Subsequently,
Akazawa et al. found pressure-induced superconductivity in a ferromagnet Ulr with
the monoclinic structure,8-8? which also lacks inversion symmetry in the crystal struc-
ture. In addition, Kimura et al. reported pressure-induced superconductivity in an
antiferromagnet CeRhSis, which crystallizes in the tetragonal crystal structure without
inversion symmetry.®%47 Moreover, similar superconducting properties are observed in
CelrSiz'%*1? and CeCoGes.5%)

The experimental technique of NQR/NMR has proved to be a useful tool to determine
the symmetry of the superconducting condensate. For example, UPt3; was shown to be the
first case of odd-parity (p- or f-wave type) superconductivity,” while even-parity (d-wave
type) superconductivity is realized in UPd,Als.” For the study of these superconduc-
tors, it was assumed that the crystal structure has an inversion center, which makes it
possible to consider separately the even (spin-singlet) and odd (spin-triplet) components
of the superconducting order parameter. When inversion symmetry is absent in the crys-
tal structure, such classification for superconductivity is no longer possible. The order
parameter contains not only a spin-singlet part, but also an admixture of a spin-triplet
state.3%

In this section, the characteristic features of superconductivity, which is realized in

T T T
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Fig. 2.19 Pressure phase diagram in Celnz. Superconductivity is observed below T} in
a narrow window where the Néel temperature Ty tends to zero, cited from ref. 74.
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CeCu,Si, P (GPa) 0 5 i0

T(K)

0 10 20
CeCu,Ge, P (GPa)

Fig. 2.20 Schematic temperature-pressure phase diagram of CeCu,Sis and CeCuyGes.
Superconductivity is observed in a wide window, cited from rel. 78.

a non-centrosymmetric crystal, are explained on the basis of the recently reported the-
oretical studies. When the crystal structure lacks inversion symmetry, the Fermi sur-
face splits into two Fermi surfaces due to the Rashba-type antisymmetric spin-orbit
interaction.®®) Here, the effect of spin-splitting of the Fermi surface via the antisymmet-
ric spin-orbit interaction is discussed from the viewpoint of the conduction electrons in
the non-centrosymmetric tetragonal crystal structure. The spin-orbit interaction for the
conduction electrons can be calculated by considering the following effective single-band
Hamiltonian with the Rashba-type spin-orbit interaction:5)

2

H

=5+ a(p xn)-a, (2.38)

where o denotes the strength of the spin-orbit coupling, p is a momentum of conduction
electrons, n is a unit vector taken to be parallel to the z-axis or the c-axis (the [001]
direction), & is the Pauli matrices, and the m* is the effective mass. The term a(p xn)- o
is explained as follows. The non-uniform lattice potential V(r) in the tetragonal crystal
structure induces the electric field (—=VV/(r)) along the [001] direction. The effective
magnetic field, which approximately corresponds to px VV, namely a(px n) in eq. (2.38)
is brought about for moving conduction electrons with the momentum p in this electric
field. The term « (p X m) - o is regarded as a Zeeman energy arising from the magnetic
interaction between this effective magnetic field and spins of the conduction electrons.
By diagonalizing this Hamiltonian, the following two energies, which correspond to
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two separated energy bands, are obtained:

2

€pr = % Fapi, (2.39)

where p; = /p% + pZ is the component of the moment p normal to n. A simple example
of the Fermi surface splitting due to the Rashba-type spin-orbit interaction with VV
parallel to the z-axis is shown in Fig. 2.21. Note that in Fig. 2.21 the spin quantization
axis is chosen along p x n. The degenerate spherical Fermi surface splits into two sheets,
namely up-spin and down-spin bands, except for high-symmetry line p || z, as shown in
Fig. 2.21(a). One of the two separated Fermi surfaces has a smaller volume and the
other has a larger volume than the spherical Fermi surface, as shown in Fig. 2.21(b).
Arrows indicate spins on the Fermi surfaces for the up-spin and down-spin bands. An
important point is that a conduction electron with a momentum p and an up-spin state
and another conduction electron with a momentum —p and an up-spin state belong to
two different Fermi surfaces, which are separated by 2|ap 1|. A simple p-wave pairing is
thus prohibited because |ap, | is about 10 - 1000 K, shown later experimentally, which is
much larger than the superconducting energy gap of a few Kelvin. On one of the spin-
orbit split Fermi surfaces, namely the (+)-band in Fig. 2.21, the Cooper pair between
electrons with momentum p, spin 1 and momentum —p, spin | is formed. This state,
denoted as [p,1)| — p, 1), is not a spin singlet state, because the counterpart of this state
Ip',1)] = 7', 1) is formed on another Fermi surface and thus the superposition between
these two states is not possible.# Actually, the pairing state [p, 1)|—p, 1) and o, 4)[—p, T
are the admixture of spin singlet and triplet states, as easily verified by

(a) (b) n
(-)-band T
(-)-band )

‘- S p .,
@ caxi & ‘_, S
' \” D -

55 Sl

b k1S -k)> “

(+)-band
i \
515} S =N

S&

k'l; k1>

Fig. 2.21 Two separated (a)energy bands and (b)Fermi surfaces in the non-
centrosymmetric crystal structure, cited from ref. 87.
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o) =2, = L0, D~ ) ~ o, )~ p,1)  (singlet)

5P =2, ) +lp, ) =P, 1)  (oxiple)

P, 01— 2,1) = 511 =, 1) ~Ip, )|~ p, 1)) (singlet)

(B, =5 ) +lp )~ p, 1) (cxiple)

The first and second terms of the right-hand side express a spin singlet state and a spin
triplet state, respectively, with the in-plane spin projection Sinplane €qual to 0. Since we
take the spin quantization axis parallel to the zy-plane, this triplet state corresponds to
the S, = %1 state for the spin quantization axis along the z-direction. This means that
the d-vector of the triplet component is parallel to the plane. The above explanation
is also applicable to general cases with more complicated form of VV. This unique su-
perconducting state exhibits various interesting electromagnetic properties as extensively
argued by many authors.8486:88-100) Eyjgerj et al. also proposed the possible existence of
spin-triplet pairing state in the non-centrosymmetric crystal, where the inversion sym-
metry breaking in the presence of a spin-orbit interaction was introduced on the basis
of the Rashba model.9%19) It was clarified that, in contrast to a common belief, the
spin-triplet pairing state is not entirely excluded in such systems. The favorable pairing
state for the triplet state is of the p-wave type. The d vector, which is characteristic of
the spin-triplet superconductivity, is parallel to p,: d(k)= A(&k, — yk;), and the order
parameter becomes a admixture of spin-singlet and spin-triplet components.
Next we show a theoretically suggested superconducting gap for the non-centrosymmetric

superconductor with the Rashba-type spin-orbit coupling. Here we consider a two-
component order parameter with spin-singlet and spin-triplet components as follows:

A(k) = {¥(k)oo + d(k) -0} - igy, (2.40)

where ¥(k) is the spin-singlet component, d(k) = A(—k;,k,,0) is the d-vector which
characterizes a spin-triplet component, o is the Pauli matrices and oy is the unit matrix.
The theoretical calculation by Hayashi et al.”%) has shown that the superconducting
energy gap is different on the separated two Fermi surfaces and is expresses by

A(6) = | + Asiné). | (2.41)

Figure 2.22 shows the schematic structures of the superconducting energy gap on the
separated Fermi surfaces. Here, the superconducting energy gap on the S, -Fermi surface
has the shape of s-wave (the equivalent gap) + p-wave (the axial type) and is nodeless.
On the other hand, line nodes appear in the superconducting energy gap on the S_-Fermi
surface, leading to the low-temperature power law behavior of 1/718 and the specific
heat divided by temperature C/T in CePt3S5i.10%
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Fig. 2.22 Gap structures on the Fermi surface, cited from refs. 95 and 96.

Next we discuss the effect of the magnetic field on the superconducting state. Princi-
pally, there are two mechanisms, by which a magnetic field interacts with the electrons in
the superconducting state. Both mechanisms are pair breaking and lead to the destruc-
tion of the superconducting state at a critical magnetic field, He. These mechanisms are
as follows.

Orbital pair breaking

This is due to an interaction of the magnetic field with the orbital motion of the
electrons and described by the term (e/m)(p - A), where A is the vector potential. This
term corresponds to the Lorentz force. This is theoretically discussed by Werthamer,
Helfand, and Hohenberg (so-called WHH)%?), shown later.

Pauli limiting

This comes from an interaction with the spins of electrons and is described by g;ug$§ -
H. This is discussed theoretically by Clogston shown later.1%%)

Orbital pair breaking takes place in all the superconducting states, both conventional
and unconventional ones. For small magnetic fields, this is the only important pair
breaking mechanism due to the external field. Therefore, it determines the initial slope
of He at Ty.. The critical field determined only by orbital pair breaking is defined as
orbital critical field H},, in the absence of any other pair breaking effect. The upper
critical field at T = 0K varies between H, = —0.693 (dH},/dT) - T, for a conventional
superconductor in the dirty limit and HZ, = —0.850 (dH},/dT) - T;. for a polar triplet
state. Because of the similarity of the upper critical fields, one can hardly make any
statements about the order parameter for a superconductor just based on an analysis of
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o9 'The discussion of the critical field is, therefore, concentrated on the second pair
breaking mechanism, Pauli limiting.

The influence of the magnetic field on the spins of the electrons in the superconduct-
ing states has first been reported by Clogston'®® and by Chandrasekhar.1%®) The physical
reason for this mechanism is that, in a conventional superconductor, the Cooper pairs
have a total spin S = 0. Therefore, the spin susceptibility is xs = 0 (s-wave state). For
this reason, the normal state becomes energetically more favorable for the system when
the magnetic energy %XnH 2 of the normal state reaches the condensation energy gj of
the superconductor. In a BCS superconductor, this gives rise to an upper limit of He(0).
This field is called Pauli limiting field and expressed as H, = 1.857 x 10* Ty (Oe). Pauli
limiting occurs also in all other superconducting states, in which y, is reduced compared
with the susceptibility of the normal state x,. When the spin susceptibility of the su-
perconducting state x; has a substantial value compared with x,, the superconducting
condensation energy can be expressed by

1 1
§(xn - xs)Hg = S—WHf. (2.42)

By using the equations x, = 2u3 D(ep) and the relation of BCS theory: Ig—f = 1D(er)AZ,

2
the Pauli limiting field will be expresses as:
Ag

H, = . 9.43
P V2T x3(T)/xsun (243)

In conventional superconductors (s = 0 and £ = 0), as in all the unconventional singlet
superconductors (s = 0, £ = 0,2,4,---), the spin susceptibility in the superconducting
state xs = 0. Therefore, the Pauli limiting is maximum. On the other hand, in some
simple triplet state(s = 1, £ = 1,3,---), the 2-component of the Cooper pair spins can
only be s, = +1. As long as the spin part of the order parameter can rotate freely with
respect to orbital part, xs; = x» for these equal spin pairing state. In this case, the Pauli
limiting does not occur. The order parameter of the equal spin pairing states has an
intrinsic anisotropy. An intermediate case between the singlet and the equal spin pairing
states has been taken by the Balian-Werthamer (BW) state.1%) It exhibits y; = 2 x, and
therefore, shows reduced Pauli limiting.

Next we discuss the spin susceptibility in the non-centrosymmetric superconductor
with antisymmetric spin-orbit interaction. Frigeri et al. proposed that the Van Vleck
term of spin susceptibility x? in the system without inversion symmetry has a finite value
by the strong spin-orbit interaction.!% Namely, the paramagnetic effect decreases in the
spin singlet state.

The spin susceptibility for the singlet s-wave gap function is shown in Fig. 2.23.190)
The left panel shows the temperature dependence of the spin susceptibility for the field
along the c-axis (x| = x.). The middle panel shows the spin susceptibility for the field in
the ab-plane (x. = xa« = X») as a function of the temperature for three different values
of the spin-orbit coupling «. The susceptibility increases with the spin-orbit coupling
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Fig. 2.23 (a),(b)Spin susceptibility in the case of singlet s-wave gap function for

gk x (—ky, kz,0) (CePt3Si). The spin susceptibility in the ab-planey, and along the
c-axis x| as a function of T for three different values of the antisymmetric spin-orbit cou-
plingw. The susceptibility in the superconducting state (T'/T. <1) increases with the
spin-orbit coupling strength. The susceptibility is more strongly suppressed in the ab-
plane than along the c-axis. At T'=0 we have x} = xj/2 and (c) Spin susceptibility for a
spin-triplet p-wave gap function d(k) || gk o< (—ky, kz,0) (CePt3Si). The susceptibility is
in this case independent of the spin-orbit coupling «. In the superconducting state, the
susceptibility in the ab-plane coincides with that of the normal state, cited from ref. 106.

strength. When o becomes very large, the resulting susceptibility looks very similar to
that obtained for the triplet p-wave gap function, as shown in the right panel of Fig. 2.23.
For the spin-triplet phase, we chose the pairing state d(k) = A(Zk, — §k;). Therefore,
for the superconducting state in the non-centrosymmetric crystal structure, the similar
properties of the spin susceptibilities make it difficult to distinguish between a spin-triplet
and spin-singlet order parameter through NMR measurements in the strong spin-orbit
coupling limit.

Figure 2.24(a) shows the pressure dependence of the Néel temperature Ty, the su-
perconducting transition temperature Ty, and the upper critical field at 0K, H2(0) for
H || [001] in CelrSiz?%197. The critical pressure, where the Néel temperature becomes
zero, is estimated to be P, = 2.25 GPa. The superconducting transition temperature
becomes maximum at about 2.6 GPa, as shown in Fig. 2.24(a). Simultaneously, the
jump of the specific heat at Ty, in Fig. 2.24(b) becomes extremely large at 2.58 GPa:
AC,c/Cac(Tsc) = 5.8, indicating a strong-coupling superconductor. The upper critical
field H.2(0) for H || [001] becomes maximum at P} = 2.63 GPa, as shown in Fig. 2.25.

The upper critical field deviates substantially between H || [001] and [110] as shown
in Fig. 2.25.87) The superconducting properties become highly anisotropic: ~dH/dT =
170kOe/K at Ty, = 1.56K, and H(0) =~ 450kOe for H | [001], and —dH,/dT =
145k0e/K at Ty, = 1.59K, and H2(0) = 95kO0e for H || [110] at 2.65 GPa. The upper
critical field H, for H || [110] shows a strong sign of Pauli paramagnetic suppression with
decreasing temperature because the orbital limiting field Hyp,(= —0.73(dHee/dT)Ty.) is
estimated to be 170k0e'%?, which is larger than H(0) = 95kOe for H || [110]. On
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the other hand, the upper critical field H | [001] is not destroyed by spin polarization
based on Zeeman coupling but possesses an upturn curvature below 1K, as shown later
in Fig. 2.25, reflecting a strong-coupling nature of superconductivity. This is because
all the spins of conduction electrons are perpendicular to the magnetic field direction of
H || [001], as shown in Fig. 2.21(b), revealing that the spin susceptibility for H || [001]
is unchanged below T in this non-centrosymmetric crystal structure and then the Pauli
paramagnetic suppression of H, is not realized for H || [001]. Moreover, the electronic
state at Py is found to correspond to an antiferromagnetic quantum critical point from
the result of the 2?Si-NMR experiment'%®).

Furthermore, the low-temperature electrical resistivity under pressures ranging from
ambient pressure to 3.00 GPa in magnetic fields, together with the specific heat was
precisely measured. From these pressure experiments, the magnetic field vs temperature
phase diagram under pressures up to 3.00 GPa was constructed!®®, as shown in Fig. 2.26.
The present precise experimental results reveal that the antiferromagnetic phase is robust
in magnetic fields. In other words, superconductivity in magnetic fields is realized in the
antiferromagnetic state. It is also suggested that the H, value for H || [001] becomes
maximum when the antiferromagnetic phase disappears completely in magnetic fields.
This pressure corresponds to Pf ~ 2.63GPa, as shown in Figs. 2.26(j) , 2.26(k), and
2.25 where H.(0) becomes approximately 450kQOe. It is concluded that the magnetic
quantum phase transition thus occurs in CelrSiz at P ~ 2.63 GPa, coinciding with a
huge Ho value of He2(0) ~ 450kQe for H || [001] for a low Ty, = 1.6 K value. A similar
result is also obtained for CeRhSiz®?.
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Fig. 2.24 Pressure dependences of (a) the Néel temperature Ty and superconducting
transition temperature ¢, (b) specific heat jump AC,. = Cac(Tc), and (c) the upper

critical field Hey(0) for H || [001] in CelrSis, cited from refs. 87 and 107.
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Fig. 2.25 Temperature dependence of upper critical field H.; for magnetic field along
[001] at 2.60 GPa, together with those at 2.65 GPa in CelrSis, cited from ref. 87.
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Fig. 2.26 Antiferromagnetic and superconducting phase diagram in magnetic fields
along [001] under various pressures in CelrSis, cited from ref. 109.



3 Motivation of the Present Study

Various kinds of rare earth and uranium compounds were studied in the present study,
[ollowing the Doniach phase diagram. This is because the heavy fermions and unconven-
tional superconductivity are realized in the quantum critical region of the Doniach phase
diagram. Ce and Yb compounds were especially studied in the rare earth compounds.

In the usual Ce compounds, the magnetic ordering occurs on the basis of the RKKY
interaction, as in an antiferromagnet CeCuyGey with Ty = 4.2 K.1'9) This is becanse the
ground state is the Kramers doublet in the 4f -crystalline electric field (CEF) scheme.
This is schematically shown by a dotted line in Fig. 3.1, following a Doniach phase
diagram. On the other hand, the Néel temperature is close to zero in a heavy fermion
superconductor CeCu,Siy, via the many-body Kondo effect.®) This is because the ionic

radius of Si is smaller than that of Ge. In fact, the antiferromagnetic state of CeCuyGes
is changed into a superconducting state by applying pressure: Ty — 0 for P — P,
= 8 GPa in CeCuyGe;.¥ In other words, typical heavy fermion compounds without
magnetic ordering such as CeCug, CeCusSiy and CeRuySi, are changed into the non-
magnetic electronic state, following a solid line in Fig. 3.1, with decreasing temperature.
CeCuyGe, follows a dotted line and orders antiferromagnetically, as mentioned above.
In these compounds, the relative linear thermal expansion shrinks monotonically with

decreasing temperature.
Yb compounds possess the similar Kramers doublet in the 4 f-CEF scheme and are

expected to order magnetically at low temperatures. YbCu,Siy with the tetragonal crystal
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Fig. 3.1 Doniach phase diagram cited from ref. 2.
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Fig. 3.2 Temperature dependence of thermal expansion for (a) YbCusSi; and (b)
YbCuyGe,, cited from ref. 3.

structure, however, do not order magnetically. The temperature dependence of the linear
thermal expansion is characteristic.!") The relative linear thermal expansion of a Pauli
paramagnet YbCu,Ge, shrinks monotonically with decreasing temperature, and becomes
approximately zero at low temperatures as shown Fig. 3.2(b). This is a usual behavior,
indicating an unchange of the electronic state as a function of temperature. On the
other hand, there appears a negative thermal expansion in YbCu,Sis below 90 K, as
shown in Fig. 3.2(a), revealing that the electronic state changes from the trivalent state
of the Yb ion to the 4f-itinerant state with decreasing temperature. In other words,
YbCu,Sis should order antiferromagnetically if the 4f electrons are localized even at low
temperatures.

In the present study, we searched for Ce-based antiferromagnets with small Néel
temperatures and tried to change the electronic state from the antiferromagnetic state to
non-magnetic state by applying pressures, expecting superconductivity in the quantum
critical region (T\y — 0). The Néel temperature or antiferromagnetic ordering will become
a guide to reach the quantum critical point.

In the case of Yb-based compounds, we searched for Yb-based heavy fermions or
non-magnetic but non-divalent Yb compounds. The non-magnetic electronic state of
Yb compounds can be changed into the antiferromagnetic state by applying pressures,



44 CHAPTER 3. MOTIVATION OF THE PRESENT STUDY

expecting also superconductivity in the quantum critical region.

It is also noted that heavy fermion compounds reveal the metamagnetic behavior.
Namely, an f-itinerant electronic state below the metamagnetic transition field Hy,, as
mentioned Sec. 2.3 (see Figs. 2.14 and 2.15), is changed into an electronic state with
an f-localized character above Hy,. The H, value or metamagnetic behavior will also
become a good guide to reach the quantum critical point in the Yb compounds.

In the previous studies, unconventional superconductivity or heavy fermion super-
conductivity were observed in many Ce-based compounds even at ambient pressure and
under pressures, more than 10 in number. On the other hand, Yb-based heavy fermion
superconductivity was observed only in 8-YbAIB,.11? In the present study, we searched
for new Yb-based heavy fermion superconductors. One guideline is to search for Yb-based
compounds of which the corresponding Ce and actinide (U, Np, and Pu) compounds are
superconductors. This is not easy because these exist the divalent electronic state in
Yb compounds, such as YbTIns (T : Co, Rh, Ir) and YbCoGas, where CeTlIn; (T : Co,
Rh, Ir), and PuTGas (T : Co, Rh) are typical heavy fermion superconductors.6%113-118)
Following compounds are thus studied in the present thesis from a viewpoint of physics
in heavy fermions :

1) pressure-induced superconductivity including non-centrosymmetric superconductivity
in CePtSiz, CeRhGe,y, CelrGes, and LaNiC,

2) metamagnetic behavior and electronic instability in CeCug, YbT3Zngy(T : Co, Rh, Ir)
and UTQZIIQ()(T . CO, II‘)

3) searching for new Ce and Yb compounds of YbPds;Al, and YbGay.

These compounds are shown in the following chapters.

Here we mention about the experimental conditions in the present study. The heavy
fermion state can be usually realized below 1 K, and a much lower than temperature of 30
- 40 mK is needed to clarify the electronic state. In the antiferromagnetic Ce compounds,
the Néel temperature is in the range from 1 to 10 K. The high magnetic fields of 100 - 500
kOe is necessary to reach the saturated magnetization of gJ. Anisotropy of magnetization
at low temperatures, together with anisotropy of the magnetic susceptibility and the
magnetic entropy, is needed to estimate the 4 f-CEF scheme. In the non-magnetic Ce
compounds, the metamagnetic behavior is realized at about H,, = 100 kOe if the Kondo
temperature or the T} value is 10 K, as shown in Fig. 2.15. High magnetic fields of
100 - 500 kOe are thus needed to clarify the electronic states. A static high field of 170
kOe is attained by using a commercial superconducting magnet, and much higher fields
up to 500 kOe are attained by a pulse-magnet in the present study.

Pressure is also a very useful technique to change the electronic state in the f-electron
system. A pressure of 3 GPa is attained by the usual piston cylinder-type cell, 5 GPa by
the Bridgman anvil cell, and 25 GPa by the diamond anvil pressure cell. It is desired that
these three conditions of low temperatures, higher magnetic fields, and high pressures are
combined and included in one experimental system.
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The following experiments were mainly carried out under high-quality samples in the
present study.

1) specific heat and de Haas-van Alphen effect at low temperatures down to 30 - 40 mK
and high magentic fields up to 170 kOe

2) magnetic susceptibility and magnetization in the temperature range from 2 to 300 K
and in magnetic fields up to 50 or 70 kOe(pulse-field magnetization measurements
were done at 1.3 K and in high magnetic fields up to 500 kOe)

3) electrical resistivity at low temperatures down to 30 - 40 mK, in high magnetic fields
up to 170 kQOe and at high pressures up to 25 GPa.

It is finally stressed that high-quality samples are essentially important to clarify the
electronic states in the f-electron systems. Three techniques of single-crystal growth were
carried out in the present study : ’

1) flux method by using an alumina crucible even for the compounds with the high vapor
pressure

2) Czochralski method in the rf furnace for compounds with a melting point less than
1500 °C and in the tetra-arc furnace for compounds with a high melting point up to
2500 °C

3) Bridgman method by using an Mo-crucible for the compounds with the high vapor
pressure at high temperatures up to 1500 °C.



4 Experimental

4.1 Single crystal growth

In the present thesis, we grew single crystals of CePtSiy, CeRhGes, CelrGes, LaNiCs,
CeCug, YbT5Znge( T : Co, Rh, Ir ), UTeZng( T: Co, Ir ), YbPds;Al,, and YbGay by
means of various methods such as flux, Czochralski and Bridgman methods. The flux
method was applied to CelrGez, YbT2Zngg( T : Co, Rh, Ir ), and UTyZng( T: Co, Ir
), the Czochralski method to CePtSiz, LaNiC,, and CeCug, and the Bridgman method
to CeRhGe; and YbPdsAl,. It is noted that single crystals of YbGa, were obtained by
annealing. The single crystal growth will be introduced in this chapter.

4.1.1 Flux method

The flux method is a kind of the single crystal growth method, which corresponds to a
slow cooling process of the premelted components, taken in non-stoichiometric amounts.
The advantages of this technique are shown below:!1%120)

(1) Single crystals can be grown often well below their melting points, and this often
produces single crystals with fewer defects and much less thermal strain.

(2) Flux metals offer a clean environment for growth, since the flux getters impurities
which do not subsequently appear in the crystal.

(3) There are no stoichiometric problems caused, for instance, by oxidation or evapo-
ration of one of the components. Single crystal stoichiometry “control” itself.

(4) This technique can be applied to the compounds with high evaporation pressure,
since the crucible is sealed in the ampule and the flux prevents evaporation.

(5) No special technique is required during the crystal growth, and it can be done with
the simple and inexpensive equipment. This is a reason why the flux method is

sometimes called “poor man’s” technique.!'®

There are, to be sure, a number of disadvantages to the technique. The first and
foremost is that it is no always an applicable method: an appropriate metal flux from
which the desired compound will crystallize may not be found. In addition, difficulties are
encountered with some flux choices, when the flux enters the crystal as an impurity. The
excessive nucleation causes small crystals, which takes place either due to a too fast cool-
ing rate, or supercooling of the melt by subsequent multiple nucleation and fast growth
of large but imperfect crystals usually containing inclusions. The contamination from the
crucible cannot be ignored, when reactions with materials occur at high temperatures.
Finally, the ability to separate crystals from the flux at the end of growth needs special
considerations.

46
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Fig. 4.1 Baking of an alumina crucible.

CelrGe;

To eliminate the possibility of having traces of Bi in the resulting crystals, as occurred
in CeCoGes, the present single crystals of CelrGes were grown by the Sn-flux method
and offstoichiometry.

Here, we describe the growing process in CelrGes. At first, we prepared a polycrys-
talline ingot of CelrGe; was prepared by arc-melting of high-pure metals of 4N(99.99 %
pure)-Ce, 4N-Rh and 5N-Ge, and crashed it into tiny pieces with a hammer. The high-
quality alumina crucible (Al,O3: 99.9 %) was used as a container with outer diameter of
15.5mm?, inner diameter of 11.5mm3 and length of 60 mm3. Since the crucible usually
contains impurities, the crucible was cleaned in alcohol and baked it up to 1000 °C under
high-vacuum (less than 1 x 10~8torr), as shown in Fig. 4.1. These polycrystalline sam-
ples, together with Sn-metal in the atomic ratio CelrGe, : Sn = 1 : 20, were put into
the alumina crucible and sealed in a quartz ampule with 160 mmHg pressure of Ar-gas,
which is adjusted to reach at 1atm at the highest temperature.

Next the sealed ampule was set in an electric furnace, as shown in Fig. 4.2. A com-
mercial box-type furnace was also used. The furnace possesses the temperature gradient
naturally. As we know from our own experience, the better results are obtained when
we put the ampule where the temperature is more homogeneous. Therefore, we placed
the ampule at the highest- and the flat-temperature gradient position. Nevertheless, the
temperature gradient is useful for growing some compounds. There are some reports of
growing crystals by temperature gradient method (ex. GdBg).!19

The furnace is controlled by the PID temperature controller with Pt-PtRh13% (type-
R) thermocouple. Figure 4.3 shows the block diagram of the furnace control system. In
this system, we obtained the temperature stability less than 0.1°C.

The growth process of CelrGes is shown in Fig. 4.4. The crucible are heated up to
1000 °C which is the maximum temperature of the electric furnace. Then the temperature
keeps for 2 days. The temperature was decreased down quickly to 800 °C, then slowly for
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Fig. 4.4 Growing process in and photograph of CelrGe;s.

3 weeks to 600°C and furnace was turned switch off.

After taking out the ampule from the furnace, the ampule was opened and sealed it
again in a pyrex ampule with a neck under high vacuum, as shown in Fig. 4.5. The
ampule was heated up to 400 °C, which is sufficiently higher than the melting point of
Sn-metal (231.9 °C), in the muffle furnace. Next the ampule was taken out quickly from
the furnace and was set into the centrifuge. Finally the flux was removed from the crystals
by spinning the ampule in the centrifuge.

The photograph of single crystal of CelrGes is also shown in Fig. 4.4(b) in which the
flat plane is perpendicular to the c-axis. We could get larger single crystals rather than
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Fig. 4.5 Scparation of flux and crystals by spinning the ampule in the centrifuge.

that grown by the Bi-flux method.

YbT2Zny( T : Co, Rh, Ir ) and UT2Zny( T : Co, Ir )

In the same way, single crystals of YbT2Znog and UT2Znog were grown by the self-flux
method, namely using Zn as a flux. Starting materials were 3N-Yb, Co, Rh, Ir, U and 4N-
Zn. The composition ratio of starting materials show in Table. 4.1. The following Figures
4.6, 4.7, 4.8, and 4.9 show the time dependence of temperature during growth process
and photographs of obtained single crystals of YbIryZnog, YbRhyZnyg, YbCosZngg, and
UTsZnyg, respectively. Except for YbRhyZngg, centrifugal separation was done at 470 -
540°C, which is enough high to melt Zn(melting point : 420°C). On the other hand, in
YbRhyZny, case, we set a quartz ampule with neck in the furnace, kept the temperature
which growing process finished, and directly removed the flux at 700°C.

Obtained single crystal ingots are pyramidal in shape, as shown in Figs. 4.6 - 4.9,
where flat planes correspond to the {111} planes, reflecting the diamond structure of
Yb (U) atoms. Yb (U) and T atoms are surrounded by Zn atoms, forming a cubic
cage-structure, as shown later.

Table 4.1 The composition ratio of starting materials in growing single crys-
tals of YbT2Zn20 and UTQZIIQO

YbCoyZnyy Yb:Co:Zn = 1:2:50
YthQZHgO Yb: Rh:Zn = 1:2:60
YblryZnsgg Yb:Ir:Zn = 1:2:130
UCo02Zn4g U:Co:Zn = 1:2:47

UlreZngg U:Ir:Zn = 1:2:130
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Fig. 4.8 Growing process and photograph of Y;bCOQZnQO.
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YbGay

A binary phase diagram is generally investigated and we can know how to grow the
single crystal which we want to get. In the case of Yb - Ga, the binary phase diagram
exists and is shown in Figs. 4.10(a) and 4.10(b). Following these phase diagrams, we
tried to grow single crystals of YbGay by the Ga-self flux method, but single crystals were
not obtained. Therefore, stoichiometric Yb - Ga compounds of YbGa, were heated up
to 900 °C, then quenched to 700 °C and annealed in a period of 8 days, as shown in Fig.
4.11(a). Small single crystals were obtained in many numbers, as shown in Fig. 4.11(b).
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Fig. 4.10 The binary phase diagram of Yb and Ga cited from refs. 121,122.
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Fig. 4.11 (a) Growing process in and (b) photograph of YbGay.

4.1.2 Czochralski method

The schemalic view of the arc-furnace is shown in Fig. 4.12. It has four tungsten
torches to improve a stability of the temperature between the melted material and a water-
cooled Cu hearth. Arc-melting has been done under high-quality argon gas atmosphere.
The melting procedure was repeated several times to ensure the sample homogeneity.



4.1. SINGLE CRYSTAL GROWTH 93

This method is only applicable to the compounds with low-vapor pressure. When we
pull up the crystal from a melt by using a seed, it is important to control the diameter of
the crystal, a pulling speed and the power of torches. A typical necking diameter is about
1 mm, while a typical diameter of the ingot is 3-4mm. The growth rate is 10-15mm/h
to avoid stacking faults in the sample. We usually keep this speed all over the time and
do not rotate both the seed and hearth to avoid stacking faults in the sample.

vertical motion

/ ) AF\
observation
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< i> rotation

water
- O cooling
O

seed crystal
SUS chamber ——» 4
QG L .
obscrvation
~ window
g Cu hearth D
<=
pump out i
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water cooling

Fig. 4.12 Schematic view of the tetra-arc-furnace.

CePtSi2

We grew a single crystal ingot of CePtSi; by the Czochralski method from an off-
stoichiometric concentration of CePt;2Siso, after the previous report'?®. Figure 4.13
shows a single crystal ingot of CePtSi; grown in a tetra-arc furnace.
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Fig. 4.13 Single cryslal ingot ol CePtSiy grown by the Czochralski method.

LaNiC,

Starting materials were 99.9%-pure (3N-)La, 4N-Ni, and 4N-C, which were arc-melted,
with a slightly off-stoichiometric composition of 1 : 1: 2.00 - 2.08. We show in Fig. 4.14
an as-grown ingots with 2-3 mm in diameter and 50 mm in length.

LaNiC,

Fig. 4.14 Single crystal ingots of LaNiC, grown by the Czochralski method.

CeCugy

Starting materials of CeCug were 3N(99.9% pure)-Ce, 5N(99.999% pure)-Cu. The
phase diagram of Ce-Cu alloys is shown in Fig. 4.15. CeCug is a congruent-melting
compound and the melting point is about 935 °C.

The single crystal of CeCug was grown by the Czochralski method in an radio fre-
quency (rf) furnace under He gas atmosphere. He gas was purified by a liquid nitrogen
trap and the gas pressure was 4.0 kg/cm?. Figure 4.16 shows the schematic view of the
rf furnace. A tungsten crucible, which is supported by a tungsten bar standing on the
stainless table, is heated by a rf-water-cooled working coil. These are surrounded with a
quartz-glass thermal insulator wall. The tungsten crucible was heated up to the temper-
ature slightly higher than the melting point. After melting of the starting materials, a
seed crystal was inserted into the melt and then pulled out to grow a single crystal ingot.
The pulled single crystal rod of CeCug was about 90 mm in length.
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4.1.3 Bridgman method

A single crystal was grown by the Bridgman method in both rf furnace and siliconit
furnace. There are two kinds of crystal growth in the Bridgman method. One is based
on a partial melting of the ingot. This was achieved by using the rf furnace. The carbon
heater surrounded the crucible in which a compound is inserted. The single crystal was
grown by moving the crucible away from the heater with a speed of 10 mm/hour.

The another type is, in principle, similar to the former but is to use a thermal gradient.
This was done by using a siliconit furnace, which is one kind of the vertical electric furnace.
A siliconit furnace can be heated up to high temperatures up to 1700°C. Figure 4.17
shows a block diagram of the siliconit furnace. A molybdenum crucible was set up at
a position with a slightly lower temperature compared to the center of the furnace with
the highest temperature. The single crystal was grown by decreasing temperature of the
furnace.

Alumina tube ~ Mo-crucible
Thermal-insulatorwall | | MF----- - iieqt center line
-
Tharmal-insulator block

Argon gas :ﬁ

L ]

Fig. 4.17 Schematic view of the siliconit furnace.
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Fig. 4.18 Schematic view of the molybdenum crucible.

We can know the melting point of the compounds by changing the temperature and
taking the crucible out from the furnace several times. The melting points was, for
example, about 1300°C in CeRhGes.

The single crystal sample was grown from the lowest part of the crucible. In order to
gain a better single crystal sample, the end of crucible is requested to be narrow, which is
similar to the necking in the Czochralski method. Figure 4.18 indicates the molybdenum
crucible made by hands.

CeRhGes

We succeeded in growing single crystals of new compound CeRhGe; by the Bridgman
method. A polycrystalline ingot was synthesized by arc-melting 3N- or 4N-Ce, 4N-Rh,
and 5N-Ge in the stoichiometric proportion 1 : 1 : 2 under argon atmosphere, as shown
in Fig. 4.19(a), of which surface plane is found to be the b-plane of CeRhGe, from Laue
diffraction, as shown in Fig. 4.19(b). The polycrystal was crashed into small pieces and
was encapsulated into a molybdenum crucible. Then, we set it in a siliconit furnace with
the process shown in Fig. 4.20(a) and got a single crystal of CeRhGe, as shown in Fig.
4.20(b). The crystal plane was also found to be the b-plane from a X-ray Laue pattern.
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4.2 Experimental methods

4.2.1 Electrical resistivity
Introduction to the electrical resistivity

An electrical resistivity consists of four contributions: the electron scattering due to
impurities or defects py, the electron-phonon scattering p,,, the electron-electron scatter-

ing pe.e and the electron-magnon scattering pmag:

P =Po+ Poh T Pec T Prnag- (4.1)

This relation is called a Matthiessen’s rule.

The py-value, which originates from the electron scattering due to impurities and
defects, is constant for a variation of the temperature. This value is important to know
the quality of an obtained sample. If p, is large, the sample contains many impurities
or defects. A quality of a sample can be estimated by determining a so-called residual
resistivity ratio (RRR = pgr/py), where pgr is the resistivity at room temperature. Of
course, a large value of RRR indicates that the quality of the sample is good.

Let us introduce a scattering lifetime 75 and a mean free path [ from the resistivity.
The residual resistivity p, can be written as

m 1 (4.2)

ne ’7'0,

where n is a density of carrier and e is an electric charge. Then 7y and [y values are

To = m 3 (43)
nepy
hk
lp = vpmo = nepFO. (4.4)

The temperature dependence of ppn, which originates from the electron scattering by
phonon, changes monotonously. ppy is proportional to T" above the Debye temperature,
while it is proportional to 7° far below the Debye temperature, and ppn will be zero at
T=0.

In the strongly correlated electron system, the contribution of p.. is dominant at low
temperatures. Therefore, we can regard the total resistivity in non-magnetic compounds
at low temperatures as follows:

p(T) = Po + pe—e(T)> (45)
= po + AT?, (4.6)

where the coefficient v/A is proportional to the effective mass. Yamada and Yosida
obtained the rigorous expression of pe. in the strongly correlated electron system on the
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basis of the Fermi liquid theory.?*) According to their theory, pe. is proportional to the
imaginary part of the f electron self-energy Ak, and Ak is written as

4
Poe X Ak =~ g(7rT)2 > " wD]_,(0) DL,(0) DL, ,(0)

K .q

1
X {FT¢2(/€, KK +aq,k—q)+ §FﬁA2(k:, Kk +q k- q)} , (4.7)

where I',, is the four-point vertex, which means the renormalized scattering interac-
tion process of k(o)k'(c) — K + q(o)k — q(0), T4 is denoted as Tyy(ky, ko; ks, ka) —
Tyt (K1, ka; ka, k3), and DI(0) is the true (perturbed) density of states of f electrons with
mutual interaction in the Fermi level. This Ak is proportional to the square of the
enhancement factor and gives a large T?-resistivity to the heavy fermion system.

In a magnetic compound, an additional contribution to the resistivity must be taken
into consideration, namely pmag. This contribution describes scattering processes of con-
duction electrons due to disorder in the arrangement of the magnetic moments. In general,
above the ordering temperature T4rq, Pmag iS given by

3rNm*

2he?eg

|Jex|*(9; = 1)*J(J + 1), (4.8)

Pmag =

where J. is the exchange integral for the direct interaction between the local moments and
conduction electrons. When T' = T4, pmag shows a pronounced kink, and when T' < T4q,
Pmag strongly decreases with decreasing temperature. The magnetic resistivities in the
actinides, however, are ascribed to strong scattering of the conduction electrons by the
spin fluctuations of 5f electrons. This contribution to the resistivity at low temperatures
is given by the square of the temperature, namely pms; = A'T?. In the heavy fermion
system, the coefficient A’ is extremely large. Therefore, pmag and pe. are inseparable
and pma, can be considered to correspond to pe.. An analogous situation occurs to the
specific heat. Namely, in the heavy fermion system, the magnetic specific heat Cpag is
changed into a large electronic specific heat C,, namely 7.

Experimental method of the resistivity measurement

We have done the resistivity measurement using a standard four-probe DC or AC
current method. The sample was fixed on a plastic plate by an instant glue. The gold
wire with 0.025 mm in diameter and silver paste were used to form contacts on the sample.
The sample was mounted on a sample-holder and installed in a *He or 3He cryostat. We
measured the resistivity from 1.3 or 0.5 K (the lowest temperature 50 mK) to the room
temperature. The thermometers are a Cernox resistor for all the temperature region or
a combination between a RuO resistor at lower temperatures (below 20K) and a diode
resistor at higher temperatures.
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4.2.2 Specific heat
Introduction to the specific heat

At low temperatures, the specific heat is written as the sum of electronic, lattice,
magnetic and nuclear contributions:

C = Ce+ Cph + Crag + Chuc (4.9)
A
=T + BT + Cunag + 5, (4.10)

where A, v and g are constants because of the characteristic properties of the material.

The electronic term Cs is linear in 7" and is dominant at sufficiently low temperatures.
If we can neglect the magnetic and nuclear contributions, it is convenient to exhibit the
experimental values of C' as a plot of C/T versus T2

C
T =+ BT> (4.11)
Then we can estimate the electronic specific heat coefficient . Using the density of states

D(er), the coefficient v can be expressed as
v = ?k‘B D(eg), (4.12)

where kg is the Boltzmann constant. Since the density of states D(er) based on the
free electron model is proportional to the electron mass, the coefficient v possesses an
extremely large value in the heavy fermion system.

According to the Debye T° law, for T < Op:

_12n'Nks (T \° _ 5
Cpn ™ z (91)) = BT°, (4.13)
where Op is the Debye temperature and N is the number of atoms. For the actual lattices
the temperatures at which the 7° approximation holds are quite low. It may be necessary
to be below T = Op/50 to get a reasonably pure T° law.

If the f energy level splits due to the crystalline electric field (CEF) in the paramag-
netic state, the inner energy per one magnetic ion is given by

Z n; E; exp(—E;/kgT)
Ecgr = (E;) = Zexp(—Ei/kBT)

(4.14)

where E; and n; are the energy and the degenerate degree on the level . Thus the
magnetic contribution to the specific heat is given by

OEcer

C'Sch = oT

. (4.15)
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This contribution Csg, is called a Schottky term. Here, the magnetic entropy of the f
electron Sp,, is defined as

Sy = TCSCth 4.16
mag = = dT. (4.16)
0

The magnetic entropy is also described as
S=RnW, (4.17)

where W is a state number at temperature 7. Therefore we acquire information about
the CEF level.
In the magnetic ordering state Cp,, is:

Crnag < T%/? (ferromagnetic ordering) (4.18)
x T3 (antiferromagnetic ordering). (4.19)

When the antiferromagnetic magnon is accompanied with the energy gap Am, eq. (4.19)
is modified to Ciag o T? exp(—Ap/ksT).

Experimental method of the specific heat

The specific heat was measured by the quasi-adiabatic heat pulse method using di-
lution refrigerator, 3He and *He cryostats at temperatures down to 0.1, 0.6 and 1.7K,
respectively. The sample was put on the Cu-addenda. The RuQO; resister thermometer
and two strain gage heaters were also put on the addenda. One of the strain gage heater
generated constant heater to compensate heat leak via to the heat radiation and/or the
thermal conduction by the wire which suspended the addenda.

We gave heat pulse to the sample and addenda due to the another heater. Then we
measured the change of the temperature at addenda. The specific heat is deduced as
follows:

AQ 1-V-At
AT AT
Here, AQ is the amount of heat, I and V are the current and the voltage flowing to the
heater, respectively, At is the duration of heating and AT is the change of temperature
due to heating. Here, this C' includes both of the specific heat of the sample and that of

the addenda. The specific heat of the sample is thus derived by subtracting the specific
heat of the addenda.

C= (4.20)

4.2.3 Magnetic susceptibility
Introduction to the magnetic susceptibility

At high temperatures, the 4 f electron in most of the Ce compounds is localized. The
crystalline electric field (CEF) theory is thus well applicable to the magnetic property of
the Ce compounds. By using the CEF theory, the 4f energy level in the Ce compounds
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with the non-cubic crystal structure splits into three doublets. Hamiltonian of this system
is given by

H = Hcgr + Hzeeman- (4.21)
Here, Hcgr is expressed as
Horr = BYOS + B0} + B;Oj, (4.22)
in the tetragonal symmetry and
Hcgr = B3OS + B303 + B0 + B;0? + B;0y;, (4.23)

in the orthorhombic symmetry, where B* and O" are the CEF parameters and the
Stevens operators, respectively.!®16) Due to the CEF effect, the sixfold degenerate 4f-
levels of the Ce ion are split into three doublets.

The CEF susceptibility is given by

Amn
i 1 1—¢e *T En_
XCEF = N(QJ#B)2§ > |<m|Ji|n>|2_A'_— Rt t o T Z| (n]Ji|n)|?e” %7
mn m,n
(4.24)
and
z2=3 ewr, (4.25)

where g, is the Landé g-factor (6/7 for Ce3*), J; is the component of the angular mo-
mentum and A,, , = E, - E,,. The magnetization can be also calculated by

En

e_ kT
M; = gjup Z |(n|J,|n)|T (4.26)
Thus, the CEF susceptibility is also given by
dM A
xepe = Jim ©7. (4.27)

The magnetic susceptibility including the molecular field contribution A; is given as fol-
lows:
-1

Xi ' = (xeer) ™ — M- (4.28)

The eigenvalue F,, and eigenfunction |n) are determined by diagonalizing the total Hamil-

tonian
H = Hcgr — gspsJi(H; + N M), (4.29)

where the second term is the Zeeman term and the third one is a contribution from
the molecular field. The magnetic susceptibility was measured by a commercial SQUID
magnet meter, produced by Quantum Design.
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4.2.4 de Haas-van Alphen effect
Introduction to the de Haas-van Alphen effect

Under a high magnetic field, the orbital motion of the conduction electron is quantized
and forms Landau levels'?¥). Therefore various physical qualities show a periodic variation
with H~! since increasing the field strength H causes a sharp change in the free energy of
the electron system when Landaus level crosses the Fermi energy. In a three-dimensional
system this sharp structure is observed at extremal areas in k-space, perpendicular to the
field direction and enclosed by the Fermi energy because the density of state also becomes
extremal. From the field and temperature dependence of various physical quantities, we
can obtain the extremal area S, the cyclotron mass m and the scattering lifetime 7
for this cyclotron orbit. The magnetization or the magnetic susceptibility is the most
common one of these physical quantities, and its periodic character is called the de Haas-
van Alphen (dHvA) effect. It provides one of the best tools for the investigation of Fermi
surfaces of metals.

The theoretical expression for the oscillatory component of magnetization M. due
to the conduction electrons was given by Lifshitz and Kosevich as follows:1?%)

Meose = Z Z ( 3/2 z sin (27;7}E +,31> 3 (430&)

325 2
A; <« FHY?2 |22 T RrRpRs, (4.30b)
0
armtT/H
- 4.30
T sinh(erm?,T/H)’ (4.30c)
Rp = exp(—arm};Tp/H), (4.30d)
Rg = cos(mg;rmy;/2my), (4.30e)
27T2]€B
= i 4.30f
a=—= (4.30f)
Here the magnetization is periodic on 1/H and has a dHvA frequency F;
h
E = % 1
(4.31)

=1.05x 1072 [T - cm?] - S;
=1.05 x 1078 [Oe - cm?] - S;

which is directly proportional to the i-th extremal (maximum or minimum) cross-sectional
area S; (1 = 1,...,n). The extremal area means a gray plane in Fig. 4.21, where there
is one extremal area in a spherical Fermi surface. The factor Rt in the amplitude A; is
related to the thermal damping at a finite temperature T. The factor Rp is also related
to the Landau level broadening kgTp. Here Tp is due to both the lifetime broadening
and inhomogeneous broadening caused by impurities, crystalline imperfections or strains.
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Fermi surface @
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1/H
(2) (b)

Fig. 4.21 Simulations of the cross-sectional area and its dHvA signal for a simple Fermi
surface. There is one dHvA frequency in (a), while there are three different frequencies

in (b).

The factor Tp is called the Dingle temperature and is given by
h

omkn (4.32)

=1.22x 107 [K - sec] - 771,

Ty =

The factor Rg is called the spin factor and related to the difference of phase between
the Landau levels due to the Zeeman splitting. When g; = 2 (a free electron value) and
m; = 0.5 my, this term becomes zero for 7 = 1. The fundamental oscillation vanishes
for all the values of the field. This is called the zero spin splitting situation in which
the up and down spin contributions to the oscillation are canceled out, and this can be
useful for determining the value of g;. Note that in this second harmonics for r = 2 the
dHvA oscillation should show full amplitude. The quantity |6%S/0ky?|~'/? is called the
curvature factor. The rapid change of cross-sectional area around the extremal area along
the field direction diminishes the dHvA amplitude for this extremal area.
The detectable conditions of dHvA effect are as follows:

1) The distance between the Landau levels fiw, must be larger than the thermal broad-
ening width kgT: hw. > kT (high fields, low temperatures).
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2) At least one cyclotron motion must be performed during the scattering, namely
wer/2m > 1 (high quality samples). In reality, however, it can be observed even ifa
cyclotron motion is about ten percent of one cycle, although the dHvA amplitude
becomes exlremely small.

3) The fluctuation of the static magnetic field must be smaller than the field interval
of one cycle of the dHvA oscillation (homogeneity of the magnetic field).

Shape of the Fermi surface

The angular dependence of dHvA frequencies gives very iimportant information about
a shape of the Fermi surface. As a value of Fermi surface corresponds to & carricr number,
we can obtain the carrier number of a metal directly.

We show the typical Fermi surfaces and their angular dependences of dHVA frequencies
in Fig. 4.22. In a spherical Fermi surface, the dHvA frequency is constant for any field
direction. On the other hand, in an cylindrical Fermi surface such as in Fig. 4.22(b),

(©)

dHVA Frequency

Field Angle

Fig. 4.22 Angular dependence of the dHvA frequency in three typical Fermi surfaces
(a) sphere (black), (b) cylinder (blue), and (c) ellipsoid (red).
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it takes a minimum value for the field along the z-axis. These relatively simple shape
Fermi surfaces can be determined only by the experiment. However, information from
an energy band calculation is needed to determine a complicated one.

Cyclotron effective mass

We can determine the cyclotron effective mass m;, from the measuring a temperature
dependence of a dHvA amplitude. Equation (4.30c) is transformed into

-9 * _ *
log {Ai [1 — exp (—QI;E’I>] /T} = C}?“T + const. (4.33)

Therefore, from the slope of a plot of log{A;[1 — exp(—2Am}.T/H)|/T} versus T at
constant field H, the effective mass can be obtained.

Let us consider the relation between the cyclotron mass and the electrical specific
heat . Using a density of states D(EF), v is written as

71.2
Y= ng2D(EF) (434)

In the spherical Fermi surface, using Er = i*kg”/ sz takes

£\ 3/2
N = ”_QkB2L (ch> / Epl/?

3 272

(4.35)
B kB2Vm* L
T R
where V is molar volume and kr = (Sp/7)'/2. We obtain from eq. (4.31)
2 1/2 *
v = kB TO g? ‘/ﬂiﬁ"l/2
3h h my
= 2.87 x 10~* [(mJ /K2 - mol)(mol/cm®)T~1/?] . V%Fl/2 (4.36)
0
= 2.87 x 1072 [(mJ/K2 - mol)(mol/cm®)Oe~/2] . V%FW.
0
In the case of the cylindrical Fermi surface,
2 174
Y = kg ommik,
9 .
ksg“V
= o

where the Fermi wave number &, is parallel to an axial direction of the cylinder. If we
regard simply the Fermi surfaces as sphere, ellipse or cylinder approximately and then
we can calculate them.
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Dingle temperature

We can determine the Dingle temperature Tp from measuring a field dependence of
a dHvA amplitude. Equations (4.30b)-(4.30d) yield

log {AiHl/2 [1 — exp (—%I?—T)] } = —-xm,(T + TD)% + const. (4.38)
From the slope of a plot of log{A4; H/?[1 — exp(—2Am},T/H)]} versus 1/H at constant
T, the Dingle temperature can be obtained. Here, the cyclotron effective mass must have
been already obtained.

We can estimate the mean free path [ or the scattering life time 7 from the Dingle
temperature. The relation between an effective mass and lifetime takes the form

hkp = m* vy, (4.39)
[ = vpT. (4.40)
Then eq. (4.32) is transformed into
2
= _’ﬁ_ (4.41)
27 kBmg TD

When the extremal area can be regarded as a circle approximately, using eq. (4.31), the
mean free path is expressed as

= 5 Zf l/2};‘1/2 T_né —1TD_1
2rkgmo \ ic Mg

x\ —1
=77.6[A-TV2.K]. F/? (1”—> Tp ! (4.42)

mo

£\ —1
=776 x 102 [A - Oe™1/2. K] - F'/2 (ﬂ) I
my

Field modulation method with the pick-up coil dHvA system

Experiments of the dHvA effect were constructed by using the usual ac-susceptibility
field modulation method. Now we give an outline of the field modulation method with
pick-up coil dHvA system.

A small ac-field ho coswt is varied on an external field Hy (Ho > ho) in order to obtain
the periodic variation of the magnetic moment M. The sample is set up into a pair of
balanced coils (pick up and compensation coils), as shown in Fig. 4.23. An induced emf
(electromotive force) Vi will be proportional to d M. /dt:

dMOSC

dt
dMosc dH

dH dt (4.43)
> he df M,
- _ h . 0 osc .
chow sin wt ,?:1 10k — 1)1 ( EViE )Ho sin kwt,

Vose = ¢

=cC
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Sample 2¢ Pick-up coil

Compensation coil

\\ A /A Ao

Cotton
5¢

Fig. 4.23 Detecting coil and the sample location.

where c is constant which is fixed by the number of turns in the coil and so on, and
the higher differential terms of the coefficient of sinkwt are neglected. Calculating the
d*M/dH*¥, it becomes

k
Vo = CWAZQk Y _1)' (27”“’) sin (ZWF B — —) sin kuwt. (4.44)

Here, AH = H?/F. Considering hy> < Hy?, the time dependence of magnetization M (t)
is given by

2 F 2rF
Mosc(t) = A | Jo(N) sin (TI— + ﬁ) + 2Zka () cos kwt sin < T +8— —):l
k=1

(4.45)
where onFh
T No

A= . 4.46

= (4.46)

Here, Jy is k-th Bessel function. Figure 4.24 shows the Bessel function of the first kind
for the various order k. Finally we can obtain the output emf as follows:

dM = 2 F
Vosc=c| = | = —2chZka()\) sin [ 22 + [ — — | sinkwt. (4.47)
dt po
The signal was detected at the second harmonic of the modulation frequency 2w
using a lock-in amplifier, since this condition may cut off the offset magnetization and
then detect the component of the quantum oscillation only. Thus, eq. (4.47) becomes

Vise = —dcwAJ>(A) sin <2—Z£ + [3) sin 2wt. (4.48)
0
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Here, we summarize eq. (4.48) as follow:

2 -1/2
Vosc = A Q_Sa'ik(;z_) RTRDRS sin (2—7TH,£+ﬁ>, (4.49)
A o« whh(z)HY?, (4.50)
R - 2am:T/H
T 7 sinh(2am:T/H)’
Rp = exp(—amTp/H),
Rs = cos(mmgg/2mo),
o« = 2n’ckg/eh.
2rFh
r = H2 .

A in eq.(4.50) is the factor depending on the detecting method. We usually choose
the modulation field hy to make the value of Jo()\) maximum, namely A = 3.14. A
modulation frequency of 11 Hz is also used in the dHvA experiment. Figure 4.25 shows
a block diagram for the dHvA measurement in the present study.

LI R | L T LA ™T"

] k=1 ]
0.5_ 234 7
s o
=1 314
| 4
i ]
05k _
| 1 | Y IR
0 5 10 15

Fig. 4.24 Bessel function Ji()) of the first kind.
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Fig. 4.25 Block diagram for the dHvA measurement.

Magnetization in high magnetic field

We measured the high field magnetization in at High-field Laboratory, Center for
Quantum Science and Technology under Extreme Conditions, Osaka University (KYOKU-
GEN). Figure 4.26 shows the block diagram of magnetization measurement. At first, the
huge condenser bank is electrically charged. When we turn on the switch of circuit, the
charge flows through the magnet coil and generate high magnetic field in the coil. The
long-pulse magnet that we used for this research can generates the magnetic field up to
550 kOe. The pulse width is 50 msec. We used the uniaxial coil in order to compensate a
background flux change due to a transient field, as shown in Fig. 4.27. The turn number
of outer B coil is half of A, and B is twice the area of A. Ideally, we can compensete per-
fectly by A and B coils. However this is ideal, and in fact the background signals are not
zero, containing linear and nonlinear components of the dH/dt. The linear component
can be minimized by tuning a bridge balance circuit connected with a compensation C
coil.
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- Pulse
- Generator
Digital -
Recorder / Motor
=
v o
- Dewar
¥
Computer
Magnet
]
Capacitor
Bank
X-Y
Recorder —

Field-pick-up coil - Sample Pick up coil

Fig. 4.26 Block diagram of measurement of magnetization with a pulse-field magnet.

Magnelic
Field

Fig. 4.27 Pick-up coil for high-magnetic field experiment.
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4.2.5 High-pressure technique
Piston cylinder cell

A cross-sectional view of the clamped type piston-cylinder cell used for the electrical
resistivity measurement is shown in Figs. 4.28(a) and 4.28(b). The cylinder body, clamp-
ing nuts, and obturator are made of a nonmagnetic MP35N (nickel-cobalt-chromium-
molybdenum) alloy.’?) The inner piston is made of a non-magnetic tungsten carbide
(WC). Samplcs were placed inside a Teflon cell with 4.2 mm in an inner diameter and 15
mm height. The relatively large sample chamber enabled us to put not only resistivity
samples but also the pick-up coil for dHvA experiments. The electrical leads were in-
troduced into the sample chamber through a hole of the obturator. The hole was sealed
by epoxy resin (stycast 2850 FT). The sample chamber was also sealed by the Backup
rings made of copper-beryllium (Cu-Be) alloy. 1 : 1 mixture of Daphne oil (7373) and
petroleum ether were used as a pressure-transmitting medium. Pressure inside the cell at
low temperatures was calibrated by the superconducting transition temperature of Sn.*?”
High pressures up to 3 GPa are realized by this piston cylinder cell. Figure 4.28(c) shows
the photograph of sample setting.

(a) (b) ()

- Manometer
0 Piston NMWC)
> Pick Up Coil Il
V i

L~
s
— \ Backup Ring (Cu-Be) . O Sample VR

=

Teflon Cell

Backup Ring (Cu-Bc) - 14
| Obturator (MP35N) — i

(R Clamping Nut (MP35N)

Fig. 4.28 (a) and (b) Cross-sectional views of the pressure cell, and (c) the picture of the
sample setting.

Bridgman anvil cell

Figure 4.29 shows the schematic view of a Bridgman anvil type pressure cell. The
Bridgman anvil cell consists of 2 opposed anvils face, together with a sample compresscd
in between. The cylinder body and clamping nuts are made of MP35N, and anvils are
made of a non-magnetic WC. A Cu-Be pressure gasket (inner gasket) is supported by
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the MP35N outer ring (gasket support) in order to tighten the inner gasket. The size of
the anvil top and outer diameter of the inner gasket is 3 mm. The inner diameter and
the thickness of the gasket is 1.8 mm and 0.5 mm, respectively. The photograph of a
sample setting and schematic diagram arc shown in Fig. 4.30. The electrical leads were
introduced into the sample space through a hole of the WC anvil. Daphne ol (7373) was
used as a pressure-transmitting medium. Pressure inside the cell at low temperatures
was calibrated by the superconducting transition temperatire of Pb.12") High pressures
up to 6 GPa are realized by using the Bridgman anvil cell.

gasket (CuBe)
gasket (MP35N) Anvil (WC)

gasket (MP35N)

Anvil (WC) and inner gasket (CuBe)

t sample space

Fig. 4.29 Schematic view of a Bridgman anvil cell.

Anvil (WC)

lead(Cu)

Fig. 4.30 Top view of the sample setting on the WC anvil.
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Diamond anvil cell

The main concept of the diamond anvil cell is similar to that of the above mentioned
Bridgman anvil-type pressure cell. A pair of diamonds is used instead of the non-magnetic
WC as anvils. Figure 4.31 is a schematic view of the diamond anvil cell used in the present
study. Most of parts, including bolts and clamping nuts, are made of Cu-Be. Gasket
made of stainless steel (SUS304) is covered with an insulation layer of sintered Al,Oj.
The inner diameter of the gasket hole and the thickness of the gasket is about 0.35 - 0.45
mm depending on the culet size of a diamond anvil and about 0.1 mm, respectively. Due
to the small sample space, the typical sample size for the pressure cell is about 0.15 mm
x 0.08 mm x 0.03 mm (thickness), as shown in Fig. 4.31(c). The four point contacts
are made by means of the spot welding using the gold wire of 10 microns in diamcter.
The electrical leads (Au or Pt foil with the thickness of 10 microns) are introduced
through the surface of the gasket with the insulation layer. Several disc springs are used
in order to reduce a pressure change due to thermal shrinkage at low temperatures. In
the present experiment, Glycerol is used as a pressure-transmitting medium which shows
better hydrostaticity above 5 GPa compared with Daphne oil (7373).1%) Pressure inside
the cell at low temperatures was calibrated by the shift of the ruby fluorescence.!2%130)

iston (Cu-Be
clamp nut (Cu-Be

AN

|| | disc spring (Cu-Be ©

1 .
cylinder body (Cu-Be
----- 3 /mmw

(®)
3 _ Sample
Gasket alignment pin

(@

40 mm

Gaskel

ALO,
22 T—B
insulating layer _o—

T

" LN 1
e ‘g;;ilond anvil Be-Cu

Fig. 4.31 (a) and (b) Schematic views of Diamond anvil cell, and (c) the picture of sample
on the diamond anvil cell.



5 Experimental Results, Analyses, and Discussion

5.1 CePtSi, and CeRhGe,

Introduction

Many interesting phenomena are observed in the ternary intermetallic compounds Ce T, X,
(T: transition metal, X: Si, Ge). For example, CeCusSi, with the tetragonal structure is
a prototype heavy fermion superconductor with a d-wave character.%'3!) YbCu,Si, is a
valence fluctuating compound with Tk ~ 80 K, and a relatively large cyclotron mass of
30 mg (mpg : rest mass of an electron) was detected in the de Haas-van Alphen (dHvA)
experiment.®) In the recent systematic study of RCu,Si; (R: rare earth)'3?, the crystalline
electric field (CEF) scheme was estimated from the specific heat, magnetic susceptibil-
ity, and magnetization, and the magnetic exchange interaction as well as the quadrupole
interaction was clarified especially in PrCu,Siz. CeTX3 (T: Co, Rh, Ir, X: Si, Ge) com-
pounds are also characterized as non-centrosymmetric superconductors.®87.133-136) These
compounds, except CeCoSiz, order antiferromagnetically and become superconductive
under pressure (Iy — 0 for P — F.), where P, is a critical pressure at which the Néel
temperature Ty becomes zero. For example, Ty becomes zero at P, = 2.2 GPa in CelrSis
with Ty = 5.0 K, and CelrSiz becomes superconductive in a wide pressure region from
1.9 to 3.5 GPa, with a maximum superconducting transition temperature T, ~ 1.6 K. A
huge upper critical field H.o(0) ~ 450 kOe has been observed for the magnetic field along
the tetragonal [001] direction, which is a combined phenomenon between the electronic
instability and non-centrosymmetric nature of superconductivity.

CeT2X, and CeTX3 mentioned above are three dimensional in the electronic states.
On the other hand, CeTX, is expected to become quasi-two dimensional according to
the recent report on the Ce 4d-4f resonant angle-resolved photoemission spectroscopy
(ARPES) for CeCoGe, 5Sig5.1%" The energy band calculations reveal four kinds of Fermi
surfaces. Among them, band 28 and band 29 Fermi surfaces are nearly cylindrical along
the b-axis ([010] direction), as observed in the ARPES experiment.

CeTX2 compounds crystallize in the orthorhombic CeNiSis-type (Cmem) structure,
as shown in Fig. 5.1. The structural parameters are a = 4.29 A, b=16.79 A, and ¢ = 4.24
A in CePtSi,, for example.138:139) The crystal structure consists of layers perpendicular
to the [010] direction (b-axis) with the sequence of X-Ce-T-X-T-Ce-X-X-Ce-T-X-T-Ce-
X. The shortest inter-Ce spacing amounts to 4.17 A, whereas the shortest Ce-Pt and
Ce-Si distances are 3.28 and 3.20 A, respectively, in CePtSi;. The primitive cell of the
present crystal structure possesses two molecules of CeTXq, revealing that CeTX; is a
compensated metal with equal volumes of electron and hole Fermi surfaces. The Brillouin
zone thus becomes flat along the b-axis, reflecting the large b-value of the lattice constant.
This might favor the nearly cylindrical Fermi surfaces along the b-axis.

Very recently superconductivity was observed in CePtSi, by measuring the electrical
resistivity and ac-susceptibility for a polycrystalline sample under pressure. A sharp resis-
tivity drop due to superconductivity was observed at the superconducting transition tem-
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b-axis [010]

/ a-axis [100]
¢-axis [001]

Fig. 5.1 Crystal structure of CeTX, with the CeNiSi,-type orthorhombic crystal struc-
ture.

perature Ty = 0.14 K, although zero-resistivity was not attained in this experiment.*)

In the present study, we grew a single crystal of CePtSi, to clarify the superconduct-
ing property. Furthermore, we synthesized CeTX, compounds and found that CeRhGe,
also crystallizes in the CeNiSi,-type orthorhombic structure. The magnetic and super-
conducting properties of CeRhGey were studied.

Experimental procedure

CeTSiy (T: transition metal) compounds are known to crystallize in the CeNiSi,-type
orthorhombic structure (Cmem) for T = Co, Rh, Ir, Ni, and Pt, and the other compounds
belong to another crystal structure.'*" On the other hand, CeTGe, compounds crystallize
in the CeNiSi,y-type structure only for T = Fe, Co, and Nj.142143)

First we investigated CeTGe, by arc-melting 3N (99.9% pure)-Ce, 3N- or 4N-T, and
5N-CGe materials. It was found that arc-melted ingots of CeCoGey and CeNiGes, to-
gether with CeRhCe,, rcveal scveral flat planes, as shown in Fig. 4.19(a) for CeRhGex,
as described in Chap.3. From this procedure, CeRhGe, was found to crystallize in the
CeNiSi,-type orthorhombic structure. In fact, we verified the stoichiometry ol the crystal
using an electron probe micro-analyzer. Furthermore, x-ray diffraction measurements
were performed using a single crystal sample grown by the Bridgman method, where arc-
melted CeRhGe, polycrystals were sealed in a Mo-crucible and were heated up to 1400
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Table 5.1 Lattice parameters and positions of atoms in CeRhGes,.

a = 4.333A
b=17.115A
c=4.319A
atom  position
x Y z
Ce 0 0.108 0.25
Rh 0 0319 0.25
Gel 0 0.460 0.25
Ge2 0 0.750 0.25

°C in an electric furnace. A single crystal ingot with a flat b-plane, i.e., the (010) plane,
is shown in Fig. 4.20(a). The lattice parameters and site positions of the constitutional
elements were determined from the X-ray diffraction measurements of the single crystal
sample, as summarized in Table 5.1. Ternary Ce-Rh-Ge compounds were precisely inves-
tigated in the previous study,'4® as shown in Fig. 5.2, but the existence of CeRhGe, was
not identified. CeRhGe, is thus a new compound.

We also grew a single crystal ingot of CePtSiy by the Czochralski method from an off-
stoichiometric concentration of CePt; 1Sis 5, after the previous report!??), as described in
Chap.4. Figure 4.13 shows a single crystal ingot of CePtSis grown in a tetra-arc furnace.
The direction of the single crystal sample was determined from the x-ray Laue pattern
for CeRhGes; and CePtSis.

The electrical resistivity was measured by the conventional four-probe DC and/or AC
method. The magnetic susceptibility and magnetization measurements were carried out
using a commercial SQUID magnetometer. The high-field magnetization was measured
by the standard pick up coil method using a long-pulse magnet with a pulse duration
of 50 msec. The specific heat was measured by the quasi-adiabatic heat pulse method.
The electrical resistivity was also measured under pressure using a piston cylinder cell,
a Bridgman anvil cell with a mixture of Daphne 7373 and petroleum ether as a pressure
transmitting medium, and a diamond anvil cell with glycerine as a pressure transmitting
medium.

Experimental results and analyses

First we show the temperature dependence of the electrical resistivity for the current J
along three principal directions in CeRhGe;, as shown in Fig. 5.3(a). The resistivity for
J||b-axis is much larger than those for J||a- and c-axes. The steep decrease in the resistiv-
ity at low temperatures is due to antiferromagnetic ordering with the Néel temperature
Tn = 7.6 K, discussed later.

Similarly, we measured the electrical resistivity of CePtSi,, as shown in Fig. 5.3(b),
together with the previous resistivity data for CeNiGe,'*® shown in Fig. 5.3(c). The
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Fig. 5.2 Ternary Ce Rh-Ge alloy phase diagram, where the existence of CeRhGe, was
not 1identified in the previous diagram, cited from ref. 144. Among twenty Ce-Rh-Ge
compounds, compounds 7, 8, 9, and 15 are shown, together with the new compound
CeRhGes.

anisotropy of electrical resistivity between J||b-axis and J L b-axis is distinguished in
CeP1Siy and CeNiGey. The corresponding Fermi surface is most likely nearly cylindrical
along the b-axis, as mentioned above.

Figures 5.4(a)-5.4(c) show the temperature dependences of magnetic susceptibility,
inverse susceptibility, and magnetization of CeRhGesy, respectively. The magnetic sus-
ceptibility follows the Curie-Weiss law at high temperatures. The effective magnetic
moment u.s and paramagnetic Curie temperature 0p are peg = 2.41 up/Ce and fp =
-26.3 K for Hlla-axis, peg = 2.39 ug/Ce and 0p = -69.9 K for H||b-axis, and pes = 2.44
up/Ce and 0p = 25.8 K for H||c-axis, respectively. The effective Bohr magnetic moment
is very close to the moment of a free Ce* ion, 2.54 ug.

The magnetic susceptibility for H ||c-axis in the inset of Fig. 5.4(a) decreases steeply
below Ty = 7.6 K, indicating the antiferromagnetic ordering, while the susceptibility for
H||a- and b-axis increases slightly below Ty = 7.6 K. It is concluded that the antiferro-
magnetic easy-axis corresponds to the c-axis, while the a- and b-axes are hard axes.

Figure 5.4(c) shows the corresponding typical magnetization curves. It is clear that
the c-axis is an easy-axis in the magnetization. The ordered moment is estimated to be
1.3 pp/Ce. Thin solid lines in Fig. 5.4 are the result of CEF calculations, which will be
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Fig. 5.3 [Electrical resistivity for the current J along three principal dircctions in (a)
CeRhGe,, (b) CePtSiy, and (c) CeNiGe, cited from ref. 145.

discussed later.

From the differential magnetization dM /dH curves and temperature dependences of
magnetization at several magnetic fields, as shown in Figs. 5.5(a) and 5.5(b), respectively,
we constructed the magnetic phase diagram, as shown in Fig. 5.6. This means that there
exist three antiferromagnetic phases named AF1, AF2, and AF3.

Next we show in Figs. 5.7 and 5.8, the corresponding susceptibility, inverse magnetic
susceptibility, and magnetization curves of CePtSip and CeNiGey, respectively. The mag-
netic anisotropy is approximately the same in CeRhGey, CePtSis, and CeNiGe;. Solid
lines are the result of CEF calculations, discussed later.

We measured the low-temperature specific heat C in the form of C'/T for CeRhGes
and CePtSiy, as shown in Figs. 5.9(a) and 5.9(b), respectively. A A-type antiferromag-
netic transition was found at Ty = 7.6 K in CeRhGe,. The inset shows the T2-dependence
of C/T. The electronic specific heat coefficient was obtained as y= 70 mJ/(K*mol) for
CeRhGe;. The magnetic entropy obtained by integrating C/T" as a function of temper-
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Fig. 5.4 (a) Temperature dependences of magnetic susceptibility and (b) inverse mag-
netic susceptibility, and (c) magnetization curves at 4.2 K for the magnetic field along
three principal field directions in CeRhGes. Thin solid lines are the result of CEF calcu-
lations.

ature was roughly estimated to be 0.75RIn2 at Ty = 7.6 K, indicating that the ground
state is a doublet in the CEF scheme.

Similarly, we observed the antiferromagnetic ordering at 7y = 1.9 K and obtained
a large v value of 800 mJ/(K?mol) in CePtSi,. The magnetic entropy was roughly
estimated to be 0.35RIn2 at Ty = 1.9 K. The small magnetic entropy is mainly due to
the Kondo effect. The present result for CePtSi, is approximately the same as that in
the previous report.12%)

In order to clarify the magnetic structure of CeRhGe,, powder and single crystal
neutron diffraction experiments were carried out using the thermal triple-axis spectrom-
eter PONTA (5G) installed at the research reactor JRR-3M in the Japan Atomic Energy
Agency. The single crystals were crushed and carefully milled to a powder for the neutron
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Fig. 5.5 (a) Magnetic field dependence of dM /dH curves at several temperatures, and
(b) temperature dependence of magnetization in several magnetic fields for H ||lc-axis in
CeRhGep_.

powder diffraction experiment. Elastic scattering was measured with neutrons of energy
F =14.7meV monochromatized and analyzed with pyrolytic graphite crystals.

Figure 5.10 shows powder-diffraction patterns at 3.8 and 10 K. Around 26 = 16°,
the (020) nuclear reflection was observed at both temperatures. At 3.8 K. two other
distinct peaks were observed around 20 = 18° and 21°, which correspond to reciprocal
lattice vectors of |Q| = 0.83 and 0.97 Ail, respectively, as indicated by arrows. Since
both peaks appear just below Ty = 7.6 K, they are attributed to the magnetic reflections
due to the antiferromagnetic ordering. These () values cannot be explained by a simple
antiferromagnetic structure.

In order to determine the magnetic structure for CeRhGe,, we searched for superlat-
tice reflections on (h k 0) and (h 0 1) planes using a single crystal. On the (h k 0) plane,
we carried out several line scans and also constant Q scans with |@Q| = 0.83 and 0.97 A~%,
but no indication of a superlattice reflection was observed. Then we continued to study
superlattice reflections on (h 0 1) planes. After several attempts of line scans, we carried
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Fig. 5.6 Magnetic phase diagram for H||c-axis in CeRhGe,, where closed circles and
triangles were obtained by the pulsed-field magnetization and SQUID magnetization mea-
surements, respectively.

out a constant @ scan with |Q| = 0.83 A~! and observed a remarkable superlattice peak
at (0.475 0 0.330).

Figure 5.11(a) shows the corresponding line scans around (0.475 0 0.330) at several
temperatures below 8.1 K. Since the peak appeared below Ty = 7.6 K, it is attributed
to a magnetic origin, implying an incommensurate antiferromagnetic structure. We mea-
sured the temperature dependence of the integrated intensity of the magnetic reflection
at (0.475 0 0.330), as shown in Fig. 5.11(b). The antiferromagnetic peak intensity in-
creases below Ty = 7.6 K, indicaling a clear temperature dependence associated with the
antiferromagnetic ordering.

We also searched for antiferromagnetic peaks with a symmetric position of (ky 0 k»):
ky = 0.475 and ky = 0.330 such as (2-k; 0 kz2), (k1 0 2-k;) and so forth. The detected
antiferromagnetic peak positions (shown by crosses) and their intensities, together with
the nuclear peak positions (closed circles) are summarized in Fig. 5.12(a). The integrated
intensity of the magnetic scattering for a non-polarized neutron beam is given as follows:

Imag = AP | Fir(Q) |* L(0)(sin’a), (5.1)
and
ve?
p= =0.2696 x 107**(cm), (5.2)
2mec?

where A, L(8), sin o, and Fy(Q) are the scale factor, Lorenz factor, angle factor, and
magnetic structure factor, respectively. Neutrons have a magnetic scattering length for
the projection of the magnetic moment onto the plane perpendicular to the scattering
vector , and thus, the intensity is proportional to sin?a, which is called as anglc factor.

In order to confirm the direction of the magnetic moment, the integrated intensities of
the observed magnetic peaks were measured and plotted as a function of sin*a, where v is
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Fig. 5.7 Temperaturc dependences of (a) magnetic susceptibility and (b) inverse mag-
netic susceptibility, and (¢) magnetization curves at 4.2 K for the magnetic ficld along
three principal directions in CePtSiy. Thin solid lines are the result of CEF calculations.

the angle between the scattering vector @ and the c*-axis. As shown in Fig. 5.12(b), the
normalized integrated intensity exhibits a linear relation with respect to sin?c.. Therefore,
the direction of the magnetic moment is parallel to the c-axis, which is consistent with
the results of magnetic susceptibility and magnetizatiou curves.

In order to find the other antiferromagnetic reflections observed in the powder ncutron
diffraction measnrement, we carried out another constant @ scan with |Q| = 0.97 A1,
but no peak was observed on the (h 0 {) plane. Thercforc we searched for the second
magnetic reflection in three dimensional reciprocal space. 'In order to make the survey
more efficient, we estimated the magnetic peak position in connection with the first
magnetic peak at (k0 k) and |@| = 0.97 A=, An expected antiferromagnetic peak is at
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principal directions in CeNiGe,. Thin solid lines are the result of CEF calculations.

(1-ky 1 ko). 1t should be noted that this experiment was performed in another triple axis
spectrometer (AKANE) installed in the guide hall in JRR-3M with the neutron energy
of 19.47 meV (A = 2.05 A). Figure 5.13 shows the line scans at (0.525 1 0.330) at 4.35
and 10.3 K, which are below and above Ty = 7.6 K, respectively. It is noteworthy that
we found the second magnetic reflection at (0.525 1 0.330) = (1-k1 1 k»).

On the basis of these experimental results, we illustrated one of possible magnetic
structures of CeRhGe, in Fig. 5.14. In this crystal structure, cerium atoms occupy the
4c site of the Cmem space group. In this case, following three antiferromagnetic models
are plausible for the magnetic structure of CeTX,"9) according to the Bertaut method
based on the irreducible representation theory:*7 (i) A-type : (+) S; and Sy, (-) Sp and
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Fig. 5.9 Low-temperature specific heat in (a) CeRhGe; and (b) CePtSiy. Insets show
C/T as a function of 17.

Sa, (i) C-type : (+) Sy and Sy, (-) Ss and Sy, and (iii) G-type : (+) S; and S3, (-) Sz and
S4, where (+) aund (-) correspond to the spin orientation of the magnetic ions at the S,
(0, y, 1/4), S5 (0, -y, 3/4), S5 (1/2, 1/2+y, 1/4), and S4 (1/2, 1/2-y, 3/4) sites. Among
them, the model (ii) C-type magnetic structure is most likely applicable to CeRhGes,
as in the case of CeCuggeGes.2*® Since the magnetic structure is incommensurate, the
entire magnetic structure is not shown in Fig. 5.14. _

First we confirmed whether or not superconductivity is truly realized in CePtSiy
by measuring the electrical resistivity under pressure. This was necessary because the



5.1. CEPTSI, AND CERHGE, 87

T T T T T T

- CeRhGe, -
A=236 100 cts/min

- 020

Intensity (arb. unit)

10 15 20 25

20 (deg.)

Fig. 5.10 Neutron powder diffraction patterns at 3.8 and 10 K for CeRhGe,.

zero-resistivity was not attained in the previous report.'*?) This often occurs in pressure-
induced superconductivity, mainly due to sample quality, a very narrow superconducting
region in the pressure phase diagram and inhomogeneous pressures. In the previous
experiment using a piston cylinder cell in CeRhySis, zero-resistivity was obtained in a
very narrow pressure region from 1.03 to 1.08 GPa, although the resistivity drop due to
superconductivity was obtained from 0.97 to 1.20 GPa.%®

Under the consideration of a narrow superconducting pressure region in CePtSis,
we carried out the resistivity measurement under pressure, as shown in Fig. 5.15. The
temperature dependences of overall resistivity is approximately the same at different
pressures. The resistivity peak at 30 K shifts to a higher temperature of 40—50 K under
pressures of 1.22—1.69 GPa, as shown in Fig. 5.15(a). Zero-resistivity due to supercon-
ductivity is obtained in a narrow pressure region centered around 1.5 GPa, namely, from
1.3 to 1.8 GPa, as shown in Fig. 5.15(b). At 1.51 GPa, the onset of superconductiv-
ity occurs at 0.18 K and zero-resistivity is obtained below 7, = 0.16 K. Figure 5.16
shows the pressure dependences of the Néel temperature Ty, cited from ref. 140, and the
superconducting transition temperature 7. obtained in the present experiment.

We measured the electrical resistivity by applying magnetic fields, as shown in Fig. 5.17.
The experiments were carried out for three different samples. Zero-resistivity was not
found at the same temperature, although the onset of superconductivity was realized at
almost the same temperature. The superconducting transition temperature shifts to a
lower temperature with increasing the magnetic field.

Figure 5.18 shows the upper critical field H; for three principal directions, which
is defined as the zero-resistivity even under magnetic field. The slope of He at Tk,
—dH/dT, and H(0) are approximately obtained as —dH,/dT = 350 kOe/K at Ty, =
0.14 K, and H.(0) = 11 kOe for Hl|a-axis, —dH./dT = 240 kOe/K at T, = 0.16 K,
and He.(0) = 22 kOe for H||b-axis, and —dH/dT = 89 kOe/K at Ty, = 0.15 K, and
H(0) = 3 kOe for H||c-axis, respectively. The upper critical field is highly anmsotropic,
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Fig. 5.11 (a) Line scan around (0.475 0 0.330) at several temperatures and (b) temper-
alure dependence of the integrated intensity of the magnetic reflection in CeRhGes.

which will be discussed in the next section.

Next we carried out similar pressure experiments for CeRhGe;, using the piston cylin-
der and Bridgman anvil type pressure cells, revealing that higher pressure are needed
in order to suppress the antiferromagnetism of CeRhGey. Furthermore, we studied the
effect of pressure on the electronic state of this compound using the diamond anvil cell.
Figure 5.19 shows the temperature dependence of the electrical resistivity under high
pressures up Lo 7.1 GPa.

With increasing pressure, the Néel temperature Ty = 7.6 K increases slightly up to
about 3.5 GPa, then decreases steeply, and almost becomes zero around 7 GPa. At 7.1
GPa, the electrical resistivity exhibits a sudden drop below Ty = 0.45 K. This is most
likely due to the superconducting transition. The corresponding pressure phase diagram
is shown in Fig. 5.20. The critical pressure P is estimated to be about 7 GPa.

Finally we note the pressure experiments for CeNiGe, with a Néel temperature Ty =
3.9 K and another magnetic transition temperature Ty, = 3.2 K. The electrical resistivity
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and ac-specific heat were measured up to 2 GPa, indicating that the Néel temperature
decreases monotonically down to 1.35 K at 1.9 GPa.*®) The critical pressure was roughly
estimated to be P, = 3.5 GPa. Another experiment, however, indicated saturated be-
havior of Ty in the pressure region from 0.5 to 2 GPa, suggesting a large P value.'®

Discussion
On the basis of the above experimental results of magnetic susceptibility and magnetiza-
tion, we constructed the CEF scheme for CeTX,. We performed the CEF analyses based

on these data. The CEF Hamiltonian for the orthorhombic site symmetry is given by

Heer = BIOS + BY0Y + BO§ + BOY + BgO§, (5.3)
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Fig. 5.13 0 — 20 scan at (0.525 1 0.330) for another magnetic reflection measured at
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where BI" are the CEF parameters and O] are the Stevens operators.'®1%) The magnetic
susceptibility based on the CEF model, x&gr (1 = z, ¥, 2), is given by

S ln || n)? A Y
i (gopn)® —En e =7 —e *8T
Xcer = N VA ) - kgT e 7+ Z KmUJ”)Fﬁ , (54)
n#m m n
and N
Z = Ze_’“BT, (5.5)

where g is the Landé g-factor and J; is the component of angular momentum. The mag-
netic susceptibility x;, including the molecular field contribution A; and a temperature-
independent susceptibility x§, is given as follows:

1 .

-\

XEER
We also calculated the magnetization using the following formula:

J; _Pn_
M, =—- Z M%Me *8T (5.7)

where the eigenvalue E, and the eigenfunction |n) are determined by diagonalizing the
total Hamiltonian:

H = Hepr — giupdi(H + M), (5.8)

where Hcgr is given by eq. (5.3), the second term is the Zeeman term and the third one
is the molecular field.
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Fig. 5.14 Possible magnetic structure model of CeRhGe,.

Thin solid lines for the inverse magnetic susceptibility in Figs. 5.4(b), 5.7(b), and
5.8(b), and the magnetization in Figs. 5.4(c), 5.7(c), and 5.8(c) are the results of CEF
calculations for CeRhGe,, CePtSiy, and CeNiGe,, respectively, which well reproduce the
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Fig. 5.15 Temperature dependence of the electrical resistivity under pressures in
CePtSiz.

experimental data. The CEF parameters of B]", energy levels, and the corresponding
wave functions for CeTX, are summarized in Tables 5.1, 5.111, and 5.1V, respectively.
Here, we take the a-, b- and c-axes as the z-, y- and z-axes, respectively, for CeRhSi, and
CeP1tSiy. The CEF parameters for CeNiGe, are taken from the rel. 145.

The anisotropy of magnetic susceptibility and magnetization is approximately the
same in these compounds. Overall, the CEF schemes are thus approximately the same.
The splitting energies from the ground state doublet to the first and second excited
doublets, A; and Ay, are A; = 83 K and Ay = 579 K in CeRhGey, A; = 88 K and
As = 826 K in CePtSiy, and A; = 93 K and Ay = 653 K in CeNiGe,. Previous CEF
calculations for CePtSi, gave Ay = 105 K and A, = 433 K.'%9)

Next we discuss the anisotropy of the electrical resistivity in CeTX, and the upper
critical field H,, in the superconductivity in CePtSis. The former anisotropy in CeTX,,
especially that in CePtSiy and CeNiGes, is simply understood on the basis of the nearly
cylindrical Fermi surfaces along the b-axis, as noted above. The latter anisotropy, how-
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Fig. 5.16 Phase diagram of the Néel temperature Ty and superconducting transition
temperature Ty as a function of pressure in CePtSi;, where onset and zero resistivity
data for superconductivity are shown by circles and squares, respectively. The pressure
dependence of Ty shown by triangles was cited from ref. 140.

ever, cannot be understood in terms of the nearly cylindrical Fermi surfaces. This is
because the H, value for H ||b-axis should be small compared with those for ||a- and
c-axes if the effective mass model based on the nearly cylindrical Fermi surfaces is ap-
plicable to the upper critical field in CePtSiy. The experimental result of He, is highly
different from the present simple prediction, as shown in Fig. 5.18.

To understand the topology of the Fermi surfaces, energy band calculations were car-
ried out for CePtSiy using a relativistic linearized-augmented plane wave method with a
local density approximation.'®® The experimental values of the lattice parameter are used
in the calculation. The band structure and the Fermi surface were calculated by the same
calculational procedure as that used for CeCoSi,.1*") The 4 f-itinerant Fermi surfaces are
shown in Fig. 5.21, revealing semimetallic small closed Fermi surfaces. These Fermi sur-
faces are highly different from the nearly cylindrical Fermi surfaces in CeCoGey »Sig 5137

Next, the Fermi energy is shifted downward by 3 mRy for the 28th hole Fermi surface
of CePtSi,, while the Fermi energy is shifted upward by 3 mRy for the 29th and 30th
electron Fermi surfaces. Thus, obtained Fermi surfaces are cylindrical along the b-axis
and also along the a-axis, as shown in Fig. 5.22. The Fermi surfaces are anisotropic,
but open orbits are present for three principal field directions. The present anisotropy
of H,, cannol be simply explained by the anisotropic cyclotron mass based on the Fermi
surfaces.

It is also noticed that the paramagnetic suppression of H. is realized in CePtSiy.
H5(0) values were roughly estimated to be 33, 26, and 9.1 kOe for H|a-, b-, and c-axes,
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respectively, using the Werthamer Helf and Hohenberg dirty-limit formula:'0%

_ dHc2
Hes(0) = 0.693 ‘d—T

T.. (5.9)
T

These H.,(0) values arc strongly reduced to the experimental values of Hc»(0) = 11, 22,
and 3 kOe for H||a-, b-, and c-axes, respectively. The amount of reduction depends on
the field direction, and there is a possibility that the paramagnetic suppression is not
uniform but anisotropic. From these discussions, it is not easy to explain the present
anisotropy of Hg in CePtSis, but the He, values are closely related to the anisotropic
Fermi surfaces and paramagnetic suppression. )
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Summary

We measured the electrical resistivity, magnetic susceptibility, magnetization, specific
heat, and neutron scattering for antiferromagnets CeRhGe, and CePiSi;, and we also
performed electrical resistivity measurements under pressure. Experimental results are
summarized as follows:

1) CeRhGe, was found to be a new compound with the orthorhombic CeNiSi,-type
structure. It orders antiferromagnetically below Ty = 7.6 K with an ordered moment of
1.3 pg/Ce. The antiferromagnetic easy-axis corresponds to the c-axis, while the a- and
b-axes are hard axes in magnetization. The magnetic structure is, however, not simple.
A remarkable superlattice peak at (0.475 0 0.330) was found below 7y in the neutron
diffraction measurement, indicating an incommensurate antiferromagnetic structure. It
was also found that the magnetic moments orient along the c-axis in the ordered state.
The ~ value was obtained to be 70 mJ/(K?-mol).

2) The anisotropy of magnetic susceptibility and magnetization in CeRhGes is ap-
proximately the same as that in CePtSi, and CeNiGey, reflecting the crystal structure.
On the basis of these experimental results, we obtained the CEF schemes for these three
compounds. The overall splitting energy is large, ranging from 600 to 800 K.

3) We confirmed the superconductivity of CePtSi, at around 1.5 GPa, revealing zero-
resistivity at 7y = 0.15 K. The upper critical field was roughly estimated to be H.»(0)
= 11, 22, and 3 kOe for H|ja-, b-, and c-axes, respectively, which is closely related to the
anisotropic Fermi surfaces and paramagnetic suppression. The similar pressure-induced
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Fig. 5.19 Temperature dependence of the electrical resistivity in CeRhGe, under high
pressure in (a) a wide temperature range and (b) at low temperatures.

superconductivity is most likely observed below 0.45 K under 7.1 GPa in CeRhGe,.
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Table 5.1 CEF parameters, energy level schemes, and the corresponding wave functions

for CeRhGe,.

CEF parameters

BY(K) B (K) B} (K) BI(K) BI(K) i (emu/moD)
7.2 -2.9 0.48 7.0 -6.0 Xov* = —1.4%x 1074
Energy levels and wave functions
EK) [+5/2) +3/2) /2 1172 -3/ 1-5/9)
579 0 -0.442 0 0.567 0 0.695
579 0.695 0 0.567 0 -0.442 0
83 0 0.287 0 -0.644 0 0.709
83 -0.709 0 0.644 0 -0.287 0
0 0 0.85 0 0.513 0 0.122
0 0.122 0 0.513 0 0.85 0
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Table 5.1IT1 CEF parameters, energy level schemes, and the corresponding wave func-
tions for CePtSi,.

CEF parameters
BY(K) Bf (K) By (K) B;(K) Bi(K) X (mol/femu)  xj (emu/mol)
12.0 -7.5 -1 2.0 -15.0 de=—T x&=-20x10""*
A, =-40 xZ=-25x10"*

Energy levels and wave functions

EK) [5/2 [+3/2) /3 —1/3 -3/ 1-5/2)
826 0 0.746 0 -0.105 0 -0.658
826 -0.658 0 -0.105 0 0.746 0
88 0 -0.116 0 0.952 0 -0.283
88 -0.283 0 0.952 0 -0.116 0
0 0 0.656 0 0.288 0 0.698
0 0.698 0 0.288 0 0.656 0

Table 5.IV CEF parameters, energy level schemes, and the corresponding wave func-
tions for CeNiGe, cited from ref. 145.

CEF parameters
B} (K) B (K) Bj (K) Bji(K) Bi(K)
10.01 7.97 0.14 -7.54 -7.66
Energy levels and wave functions
E(K) [+5/2) [+3/2) [+1/2) [|-1/2) [|-3/2) [-5/2)

653 0 -0.53 0 -0.5 0 0.69
653 -0.69 0 -0.5 0 -0.53 0
93 0 0.47 0 0.5 0 0.73
93 0.73 0 0.5 0 0.47 0
0 0 0.71 0 -0.71 0 0.032

0 0.032 0 -0.71 0 0.71 0
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Fig. 5.22 Calculated 4 f-itinerant Fermi surfaces of CePtSi,, where the Fermi energy
was shifted by 3 mRy.
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5.2 CelrGes

Introduction

Recently, the interplay of magnetism and superconductivity has attracted great interest
with the discovery of several compounds in which a superconducting phase appears at
the border of a magnetic order.115? These materials provide an important route to the
understanding of superconductivity mediated by spin fluctuations associated with a mag-
netic quantum critical point. In most cases, these novel superconductors are based on
either cerium or uranium. Of particular relevance is the influence of antiferromagnetism
and superconductivity on each other in the cerium compounds that under pressure lose
their antiferromagnetic ordering at a critical pressure around which emerges the super-
conducting state. This phenomenology has become one of the most interesting issues in
strongly correlated electron systems.

CelrSiz,'® CeRhSiz® and CeCoGes’ 133134 are among the Ce-compounds showing
superconductivity near a magnetic quantum phase transition. They belong to the series
CeTX; (T=transition metal, X=Si, Ge) that crystallizes in the tetragonal BaNiSns-
type structure without inversion symmetry along [001] direction (c-axis) as shown in Fig.
5.23. Thus, they are also a part of the important class of novel superconductors that
lack inversion symmetry. The absence of this symmetry causes the indistinguishability
of the spin-singlet and spin-triplet states and the splitting of the parity-conserving spin
degenerate energy bands. Due to this it is expected to see new phenomena in these
superconductors. Some of the new behaviors indeed observed in CelrSiz, CeRhSi3z and
CeCoGeg are related to the upper-critical field Heo(T'): extremely large H(I:I2 (0) (H | [001])
compared to the critical temperatures, large anisotropies Hc”2(0) /HZ(0), and anomalous
upward curvatures in HI(T).

CeNiGes, another member of the CeTX3 family but that crystallizes in the orthorhom-
bic SmNiGes-type structure with inversion symmetry, has a quantum critical point and a
superconducting phase appearing around this point.'5%:159) Interestingly, however, CeNiGes
has neither a high H.2(0) nor a He2(T) with positive curvature. Moreover, until now none
unconventional behavior has been observed in this compound. Thus, the lack of inversion
symmetry seems to play a crucial role for the appearance of the unusual superconducting
properties of CelrSiz, CeRhSiz, and CeCoGes. The search for new non-centrosymmetric
superconductors with quantum criticality is then of high interest. Here we report on the
discovery of superconductivity near a quantum critical point in the non-centrosymmetric
compound CelrGes.

Experimental procedure

To eliminate the possibility of having traces of Bi in the resulting crystals, as occurred
in CeCoGes,'®® our single crystals of CelrGe; were grown by the Sn-flux method as de-
scribed in Chap.3. The crystals grown by the procedure display the same thermodynamic,
transport, and magnetic properties as those grown by the Bi-flux technique. The inset
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Fig. 5.23 Crystal structure of CelrGes

to Fig. 5.24(a) shows a single crystal of CelrGez in which the flat plane is perpendicular
to the c axis.

Four-probe electrical resistivity measurements were performed with an LR-700 AC
resistance bridge operating at 16 Hz. Temperatures as low as 40 mK were obtained
with a dilution refrigerator. Pressures up to 24 GPa were applied with a CuBe-made
diamond anvil cell and were measured by the shift of the ruby R1 fluorescence line at
room temperature. The pressure value was verified once at 40 K. NaCl powder was used as
the pressure-transmitting medium. We were unable to carry out either AC susceptibility
or specific heat measurements, because of the required high-pressure conditions.

Experimental results and discussion

Figures 5.24(a) and (c) show the temperature dependence of the electrical resistivity
of CelrGes for the sensing current along the [100] direction and for different pressures
in the range 0 - 24 GPa. At low pressures the resistivity decreases with temperature
and shows the appearance of antiferromagnetic ordering at low temperatures, which is
the usual behavior originated from localized 4f electrons. As pressure increases, the
resistivity gradually develops a maximum around 100 K, from which it rapidly drops as
temperature decreases, and ultimately shows a metallic response with no indication of
antiferromagnetic ordering. This implies a smooth change from localized 4f electrons
at high temperatures to itinerant 4f electrons with formation of heavy masses at low
temperatures. Such a behavior provides a clear example of the crossover from localized
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Fig. 5.24 Electrical resistivity of CelrGe; as a function of temperature at several pres-
sures in the range 0-24 GPa (a) below room temperature and (b) below 20 K. The inset to
(a) shows a picture of a CelrGe;g single crystal. (c¢) Temperature dependence of the elec-

trical resistivity of CelrGez under several pressures up to 24 GPa is shown by logarithmic
scale.

to itinerant states caused by the Kondo-lattice phenomenon, as seen in CeCu,Sip'3® and
CeCuyGey.™ Notably, the temperature dependence of the resistivity of CelrGe; below
300 K at different pressures differs from that of the sibling compounds CelrSis, CeRhSis,
and CeCoGes, though it looks qualitatively similar to the one of CcNiGes with inversion
symmetry.193154)

Figure 5.24(b) displays the resistivity in the low-temperature region. It is observed
that superconductivity occurs at 20 GPa, whereas antiferromagnetic order fades away
above 22 GPa. The resistivity above the superconducting transition at 24 GPa follows a
T-linear response in the temperature range 1.7 - 70 K, indicating that the system becomes
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a non-Fermi liquid. This behavior is found in the other four CeTXj3 superconductors as
well. Although in the present experiment in CelrGez superconductivity initially appears
at 20 GPa as a drop in the resistivity to a nonzero value at the lowest temperatures, su-
perconductivity with zero resistivity is eventually observed at 24 GPa. Pressure-induced
superconductivity with nonzero resistivity in the low-pressure region has been also found
in other heavy fermions, like CeNiGe3'®®1%% and CeCoGe;3,%®) and interestingly in the
oxypnictide LaFeAsQ.1%0) In all these materials superconductivity develops at relatively
high pressures, which has led to the argument that the lack of zero resistivity could be
due to defects or inhomogeneities created in the samples by the application of inherent
nonuniform pressures. However, in CeCoGes the resistivity sharply drops to zero only
once the optimal pressure F,,, at which the superconducting critical temperature has its
maximum, has been applied.®¥) Here a similar comportment of the resistivity is observed
in CelrGes.

In a previous report,'®”) the pressure-temperature phase diagram of CelrGes was
drawn up to 7 GPa with the solely existence of an antiferromagnetic phase. Here we
present in Fig. 5.25 an almost complete phase diagram up to 24 GPa, in which the an-
tiferromagnetic transition temperature Ty falls to zero in two steps, the first around 10
GPa and the second about 21 GPa, and superconductivity appears at 20 GPa below 1.5
K. The quantum critical point (I — 0) is somewhere near 22 - 23 GPa, thus the super-
conducting state emerges at a pressure at which the antiferromagnetic phase still exists.
The phase diagrams of CelrGez and the other four CeTX3 superconductors are alike, all
resembling Doniach’s phase diagram?® with the maximum Ty around ambient pressure
and |J¢|D(EF) replaced by pressure. Here, |J.| is the magnitude of the magnetic ex-
change interaction and D(Ef) is the density of states at the Fermi energy. This is in
agreement with the discussion given above for the temperature dependence of the resis-
tivity as a function of pressure, since Doniach model assumes a competition between the
RKKY interaction, responsible for localization of Ce 4 f electrons and magnetic ordering
at low pressures, and the Kondo effect, that causes itinerancy in these electrons at high
pressures. Doniach model, however, predicts a Fermi liquid phase above the quantum
critical point pressure, whereas the CeTX3 compounds show non-Fermi liquid behaviors.

The exchange interaction J.s is also enhanced by the unit-cell volume contraction,
and a plot of Néel temperature versus average interatomic distance v/a2c should be in
close relation with Doniach’s phase diagram. This is the case shown in Fig. 5.26 for the
CeTX3 materials, where the quantum critical point is located around a molar volume of
176 A3.1%%) The figure indicates that whereas for example in CelrSis and CeRhSis the
quantum critical point appears at relatively low pressures, in CelrGe; it should emerge
at much higher pressure. This is confirmed by the present experiment.

We now discuss the low-temperature resistivity data of CelrGes under magnetic fields
applied along the [001] direction at 24 GPa, shown in Fig. 5.27(a). The high level of
noise was caused by the very low bias current used to avoid both heating the sample
and destroying the superconducting state. Zero resistivity was observed only under these
conditions. With increasing magnetic field the onset of the resistivity drop shifts to lower
temperatures, providing further evidence that such a drop is due to superconductivity.



104 CHAPTER 5. EXPERIMENTAL RESULTS, ANALYSES, AND DISCUSSION

10y T T T T ;
T, S !
o N Ty CelrGey
QO‘O'O'O_‘\‘() ,1
7~ O A !
3 \ ' NFL
<& )
g 5 TNZ \O\ ! -
1) O :
e 26} ]
f{ AFM L
0 |
0 10
Pressure (GPa)

Fig. 5.25 Pressure-temperature phase diagram of CelrGe;. AFM and SC mean antifer-
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Fig. 5.26 Néel temperature with respect to the averaged interatomic distance, vale,
in non-centrosymmetric CeTX3 superconductors. This plot is related Lo Doniach’s phase
diagram (see text). Cited from Ref. 135.

Using this onset we deduce the Hﬂg plotted as a function of temperature in Fig. 5.27(b).
It is unknown at this point whether or not the H)(T) of CelrGes will develop an upward
curvature at lower temperatures and/or at higher pressures near the optimum, as occurs
in CelrSis, CeRhSi3, and CeCoGez. Nevertheless, it is already clear from the data taken
at 24 GPa (Fig. 5.27(b)) that HCHQ(O) > 100 kOe and that it is significantly larger than
the weak-coupling paramagnetic limiting field Hp ~ 30 kOe.

H !2(0) > Hp has been found in all non-centrosymmetric superconductors that emerge
in the presence of an antiferromagnetic phase and have a large antisymmetric spin-orbit
coupling; that is, in CelrSis, CeRhSis, CeCoGes, CePt3Si, and now CelrGez. 1t is believed
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that the absence of the spin paramagnetic limit is a common feature of these compounds,
and thus that their superconductivity is limited by orbital effects. In CelrGes the initial
slope of the H, (I:l2 vs T curve has the value (—dH),/dT)7. = 16 T/K. The zero-temperature
orbital upper-critical field H%P(0) can be obtained from the formula!®®)

HZP(0) = ho [(—dHe/dT)r] T . (5.10)

The value hy depends on both the ratio &/l and the coupling parameter A. In CelrSis,
CeRhSiz, and CeCoGes H),(0) is close to the strong-coupling limit of the orbital critical
field H%P. In the clean approximation the orbital-limited HC”2(O) of CelrGes should have
a value between 170 kOe (weak-coupling) and 370 kOe (strong-coupling). From this 11 <
HU,(0)/T. < 25, a large ratio only seen in non-centrosymmetric CeTX3 materials with
an antiferromagnetic phase. We argue here that even though the present data already
suggest a very high Hllz (0) in CelrGes, in non-centrosymmetric CeTX3 superconductors
the highest H',(0) and a positive curvature of HL(T)) are found at pressures very close
to the optimum for superconductivity. It is possible that we did not reach the optimal
pressure for CelrGes.

Summary

In summary, we reported on the temperature dependence of the electrical resistivity of
CelrGez under high pressures up to 24 GPa. Pressure-induced superconductivity was
found at 20 GPa. A significantly large upper-critical field Hc(0) > 100 kOe is observed,
implying a large HlIQ /T. as in the other non-centrosymmetric CeTX3 superconductors
that emerge in an antiferromagnetic phase.
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Fig. 5.27 Temperature dependence of (a) electrical resistivity of CelrGe; under magnetic
fields in 0 and 5 T at 24 GPa, and (b) the upper critical field of CelrGes with magnetic
field along the [001] direction, together with the one of CelrSiz at 2.6 GPa as shown in
the solid line cited from ref. 87.
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Introduction

Rare earth metal (R)-transition metal (T: Fe, Co, Ni)-carbides RT'C, mainly crystallize
in the CeNiCy-type orthorhombic structure (space group Amm2)'*®). Carbon is not
magnetic, and the magnetic contribution of nickel in RNiC, is also zero because YNiC,
and LaNiC, do not show the presence of any magnetic moment!®”. Consequently, only
the rare earth ions contribute to the magnetic exchange interaction based on the RKKY
interaction'6!.

The crystal structure of RNiCy is characteristic, as shown in Fig. 5.28. The space
group is Amm2 with R in 2a (0,0, 0), Niin 26 (0.5,0, 2), and C in de (1/2, y , z), for
example o = 3.959 A, b = 4.564 A, and ¢ = 6.204 A in LaNiC,'®?. We follow the space
group of Amm2, but Cm2m is often used, showing the corresponding direction in the
bracket of Iig. 5.28. The R plane, namely the La planc at 2 = 0 and NiC; plane at z —
0.5 are stacked sequentially along the a-axis. It is noted that the lattice constant a value
is about 4.0 A, and then a distance between the La plane and the NiC, plane is about 2.0
A, revealing a very short distance. The Ni and C atoms form the hexagonal-like lattice,
and two carbon atoms are strongly coupled and form a dimer-like coupling. Important
is that the crystal structure lacks inversion symmetry along the c-axis, as shown in Figs.
5.28(c) and 5.28(d). The recent band calculation revealed spin-split Fermi surfaces based
on the antisymmetric spin-orbit interaction!®®.

Fig. 5.28 Crystal structure with space group Amm2 (Cm2m) in LaNiCs.
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Very recently, LaNiC, attracts a special attention because the onset of superconduc-
tivity coincides with the appearance of spontaneous magnetic fields in the muon spin
relaxation experiment, implying that time-reversal symmetry is broken in the supercon-
ducting state!®”. In the previous specific heat experiment, the specific heat C' was also
not exponential but followed a power-law form of T3-dependence, claiming nodes in the
superconducting energy gap'%®. The experimental results of magnetic penetration depth
followed a T2 dependence, suggesting the existence of nodes in the energy gap.'%® From
these experiments, the triplet pairing state with the f-wave type is proposed for super-
conductivity of LaNiCy because the crystal structure lacks inversion symmetry, as in
CePt3Si7, CeTX; (T : Co, Rh, Ir, X : Si, Ge )39 and Lis(Pd,Pti_,)3B (z = 0 - 1)1%7.
It is, however, noted that the nuclear spin relaxation rate 1/7; in the *?La-NQR signal
was exponential, with an energy gap 2A = 3.34kp T, close to the BCS value of 3.52kg! s,
suggesting that superconductivity of LaNiCy is of a conventional BCS-type!s®.

All the previous experiments were carried out by using polycrystalline samples. It is
needed to do the similar measurements by using a higher-quality single crystal sample.
We therefore grew single crystals by the Czochralski method, and measured the electrical
resistivity, de Haas-van Alphen (dHvA) effect and specific heat to clarify the Fermi surface
and superconducting properties.

Experimental results and analyses

Single crystals were grown by the Czochralski method in a tetra-arc furnace. Starting
materials were 99.9 % pure(3N-) La, 4N-Ni, and 4N-C, which were arc-melted, with a
slightly off-stoichiometric composition of 1: 1: 2.04-2.08. We show in Fig. 5.29 as-grown
ingots with 2-3 mm in diameter and 50 mm in length. The a-plane was easily identified
from the X-ray Laue method.

LaNiC,

Fig. 5.29 Single crystal ingots of LaNiC, grown by the Czochralski method.

We show in Fig. 5.30 the temperature dependence of the electrical resistivity p for
the current along three principal axes. The electrical resistivity decreases almost linearly
with decreasing temperature, reaches a constant value below 10 K, and finally becomes
zero at a superconducling Lransition lemperature Ty, = 2.7 K. The residual resistivity
ratio was 30 - 40 : the residual resistivity pg = 2.9 ufd-cm, and the resistivity at room
temperature prr = 120 uf2-cm, and RRR = 41 for J || b-axis, for example. It is noted
that the Ty value depends on the sample even in the same ingot and also the magnitude
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Fig. 5.30 Temperature dependence of the electrical resistivity in LaNiC.

of the current, ranging from 2.7 to 3.2 K, which is consistent with the previous report 69,

The anisotropy of the electrical resistivity is not large, suggesting that the Fermi surface
is three dimensional, although the crystal structure is characteristic along the a-axis, as
wentioned above.

Next we carried out the dHVA experiment by using the conventional field modulation
method. Figure 5.31 shows the typical dHIvA oscillations and the corresponding fast
Fourier transformation spectrum (FFT) for the magnetic field along the a-axis. Two
kinds of fundamental branches named « (¢/) and 8 (8’) were observed, together with
their harmonics. Each branch is split into two branches based on the antisymmetric
spin-orhit interaction. Here, the dHvA frequency F (= chSy/2me) is proportional to the
extremal (maximur or minimum) cross-sectional area of the Fermi surface Sy, which is
expressed as a unit of magnetic field.

We rotated the sample against the field direction, and obtained the field dependence
of the dHVA frequency, as shown in Fig. 5.32. Branch a (&) is due to an ellipsoidal Fermi
surface. Solid lines represent ellipsoids of revolution with k,/ks . = 2.18 for branch o and
ko/ky. = 2.85 for branch o', where k, and k. are half of the caliper dimension of the
Fermi surface, namely mk;, = Sp(H || ). Branch g (8') is due to a small hyperboloidal
pillar. Here, dotted lines represent the 1 / cosf dependence, which corresponds to a
cylindrical Fermi surface.

The present experimental results are approximately explained by the results of energy
band calculations for LaNiCy done by Hase and Yanagisawa'%®), although a hyperboloidal
Fermi surface is not one but two in number, and the hyperboloidal Fermi surfaces are
larger than the ellipsoidal Fermi surfaces in cross-section. In their paper, the Fermi
surface of YNiC, was also calculated, which well explains the present experimental results.
Figures 5.32(b) and 5.32(c) show the present theoretical angular dependence of dHvA
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Fig. 5.31 (a) dHvA oscillations and (b) the corresponding FFT spectrum in LaNiC,.

frequency for YNiC, and the corresponding Fermi surfaces, which were calculated as in
the previous calculations'™ using the lattice parameters of YNiC, and the site position
of DyNiC,. Note that the cite position, especially the position along the y-axis for the C
atom, 1s most likely different between YNiCy and DyNiCs, together with for LaNiCs. This
might slightly change the Fermi surface. It is noted that the plate-like Fermi surfaces
are connected by the hyperboloidal pillars. The cross-sectional area of the ellipsoidal
Fermi surface is larger than that of the pillar Fermi surface. This is consistent with the
experimental results, as shown in Figs. 5.32(a) and 5.32(b), and the splitting of the
ellipsoidal Fermi surfaces is approximately the same between experiment and theory. On
the other hand, the theoretical splitting of the pillar Fermi surfaces is negligibly small,
inconsistent with the experimental result. One of the analyses is that branches § and
/' belong to two different kinds of pillar Fermi surfaces and the splitting of branches f
and G’ is negligibly small, thus not observed. Namely one more small pillar Fermi surface
exists along the a-axis (Y-T direction), as in the theoretical results for LaNiC, mentioned
above.

We also measured the cyclotron effective mass m; from the temperature dependence
of the dHvA amplitude. The cyclotron effective mass is 0.58 mg ( 1o : rest mass of
an electron ) for branch «, for example. We calculated the magnitude of antisymmetric
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Fig. 5.32 (a) Angular dependence of the dHvA frequency in LaNiC,. Solid and dotted
lines correspond to ellipsoids of revolution and cylinders, respectively. (b) The corre-
sponding theoretical one and (¢) Fermi surfaces based on YNiC,.

spin-orbit interaction 2|ap, |, or a splitting energy by using the formula of |Fy — F_| =
2¢|ap, |my, which was done for LaTGes and LaTSis ( T : Co, Rh, Ir ). The 2|ap, |
value is 230 K for the ellipsoidal Fermi surface, for example. The dHvA frequency F,
cyclotron mass m; and splitting energy 2|ap.|, together with the theoretical ones, are
summarized in Table I.

Next, we studied the superconducting property. Figure 5.33 shows the temperature
dependence of electrical resistivity at several low temperatures for H || c-axis. We de-
fined the superconducting transition temperature T,. as the temperature showing zero
resistivity. The temperature dependence of the upper critical field H., is shown in Fig.
5.34(a). The anisotropy of the upper critical field is not large. It is noted that a slope of
H. possesses an upward curvature above 1 K.

Finally we measured the low-temperature specific heat C for two different samples.
The specific heat consists of an electronic specific heat C, and a phonon contribution Cpp.
In the normal state, namely in the temperature range from 3 to 5.2 K, the specific heat C
is expressed as C = T +AT3(y = 6.7 mJ /(K% mol), 8 = 0.15 mJ/K* mol, and the Debye
temperature fp = 370 K ). The present -y and fp values are close to v = 6.5 mJ /(K> mol)
and 0p = 388 K reported by Pechrasky et al.'™, and v = 7.83 mJ/(K? mol) and 8p
= 496 K reported by Lee et all8 . The theoretical v values based on the present band
calculations is 3.6 mJ /(K2 mol) for YNiC; and 5.2 mJ/(K?mol) for LaNiCs.

We subtracted the phonon specific heat from the total specific heat. Figure 5.35(a)
shows the T'/T.. dependence of the electronic specific hcat C, for two different samples.
Note that the Ty values are 2.70 K for the sample #1 and 2.75 K for the sample #2. The
present C. data below 2 K is well explained by the exponential function, with 24 /kg=
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Fig. 5.33 Temperature dependence of the electrical resistivity at several magnetic fields
for H || c-axis in LaNiC,.

7.8 K, or 2A = 2.9kpTy. as shown by a thin solid line.

We also measured the specific heat under several magnetic fields, as shown in Fig.
5.35(b). The present superconductivity is destroyed by a magnetic field of about 2 kOe.
We show in Fig. 5.34(b) the temperature dependence of upper critical field He. The
value of He(0) is estimated as about 2 kOe for H || b-axis. A solid and a dotted lines are
guide to eyes. The present H., value is smaller than the value of H.2(0) ~ 6 kOe obtained
from the resistivity measurement. The similar discrepancy is obtained in Celrlng®?. The
electrical resistivity is most likely sensitive to the surface as pointed out in the previous
report.”) The bulk He, value of LaNiCy is thus Hep(0) ~ 2 kOe.

Table 5.V dHvA frequency F, cyclotron effective mass m?, and splitting energy 2|ap|
for H || a-axis in LaNiCs, together with the theoretical ones in YNiCs.
F me  2|apy| F, my  2lap) |

(x105 Oe) (mo) (K) (x10°0e) (mo) (K)

a 604 058 796 0.488
o 505 057 }230 532 0401 [ °%
178 0172
391 058 0 Gk

g 1.15 0.21 0

Summary
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Fig. 5.34 Temperature dependence of the upper critical field H., obtained from (a) the
resistivity and (b) specific heat measurements in LaNiC,, where solid lines connecting
the data are guide to eyes.

From these experimental results, we conclude that LaNiC, is of the BCS-type, with
2A = 2.9k T (Ts. = 2.70-2.75 K). Reflecting the non-centrosymmetric crystal structure,
the Fermi surface is split into two Fermi surfaces, with an splitting energy of 230 K in an
ellipsoidal Fermi surface, for example.
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Fig. 5.35 (a) T/Ts. dependence of the electronic specific heat C, where a solid line
indicates an exponential dependence of C,, and (b) specific heat C under magnetic fields

in LaNiCs,.
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5.4 CeCu6

Introduction

The metamagnetic behaviour or an abrupt nonlinear increase of magnetization is one
of the characteristic properties in the Ce or U heavy fermion compounds. For example,
the metamagnetic behaviour appears at H,= 77 kOe and 200 kOe in CeRu,Si; and UPt3,
respectively, as described in Chap.2 (see Fig. 2.14).%74®) It is observed at temperatures
lower than the characteristic temperature 7}, .., where the magnetic susceptibility of
these compounds deviates from the Curie-Weiss law and indicates a maximum. T,
approximately corresponds to the Kondo temperature Tix. Thus the f-electron nature is
changed from localized to itinerant below 7}, .

We studied the metamagnetic behavior under pressure in a typical heavy fermion
CeCug. CeCug is a typical heavy fermion compound, which exhibits no long-range mag-
netic ordering.'”™ We show in Fig. 5.36 the orthorhombic crystal structure.!” The
metamagnetic behavior is found below 7\, . =1 K and at H,, ~ 20 kOe from the mag-
netization and magnetoresistance measurements.*® 1”3 This behavior was observed only
when the magnetic field A is applied parallel to the magnetic casy axis (c-axis).

The effect of pressure on the electronic state in CeCug was also studied.'” With
increasing pressure, the A value of the electrical resistivity (p = pg + AT?) was found to
decrease steeply as a function of pressure. At higher pressures, the heavy fermion state
of CeCug is changed into a so-called valence fluctuating electronic state!™. Correspond-
ingly, the A value is reduced as a function of pressure, as mentioned above. Theoretically
it is, however, expected that the A value 1s enhanced in magnetic fields at around a
characteristic pressure'’®, namely in the pressure range from 2.0 to 3.4 GPa. In the

present study, we measured the magnetoresistance to study the electronic state of CeCug

Fig. 5.36 Crystal structure of CeCusg.
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at higher pressures up to 5.1 GPa. We also carried out the dHvA experiment to directly
obtain the cyclotron effective mass in magnetic fields.

Experimental procedure

Single crystals of CeCug were prepared by the Czochralski pulling method, as described
in Chap.3. The electrical resistivity measurement was carried out by using the ordinary
four-probe DC or AC method. Pressure was generated in a piston cylinder cell up to
2 GPa and a Bridgman anvil cell up to 5.1 GPa, using a mixture of Daphne-7373 and
Petroleum ether and Daphne-7373, respectively, as the pressure-transmitting medium.
Pressure was calibrated via the superconducting transition of Sn and Pb, which were
placed beside the sample in the pressure cell. The dHvA experiment was carried out by
a standard field modulation method.

Experimental results and discussion

The temperature dependence of the electrical resistivity under various pressures is
shown in Fig. 5.37. The temperature T, . , where the resistivity indicates a maximum,
for example, 14 K at 0 GPa, are found to shift to higher temperatures with increasing
pressure, as shown Figs. 5.37(a) and 5.37(b). Here, the resistivity peak is due to a com-
bined phenomenon between the Kondo effect and a crystalline electric field (CEF) effect.
The resistivity p follows the Fermi liquid relation of p = py + AT? at low temperatures,
as shown by thin solid lines in Fig. 5.37(c), where py is the residual resistivity. Both the
A and pg values decrease in magnitude with increasing pressure.

Here, the v/A value is proportional to the electronic specific heat coefficient v, and
then the 1/ v/A value is proportional to the Kondo temperature Tk from eq. (2.29) as
mentioned in Sec 2.2. T, .., as mentioned above, is also closely related to Tx. The
experimental result in Fig. 5.37(d) means a change of an electronic state from the heavy
fermion state in the initial slope to the valence fluctuating state in the second slope as a
function of T, . These trends are approximately consistent with the previous data!™).

Figure 5.38 shows the transverse and longitudinal magnetoresistances at 100 mK for
H || c-axis. At Hy, = 20 kOe, the longitudinal magnetoresistance indicates a shoulder-like
structure, while the transverse one indicates a peak structure. A positive magnetoresis-
tance in the transverse configuration is one of characteristic features in heavy fermion
systems. Here we note that the magnetoresistance consists of two contributions. One is
a positive magnetoresistance due to the cyclotron motion of conduction electrons, and
the other is a negative magnetoresistance coming from a suppression of the Kondo ef-
fect expressed as Ap/p(0) = —sin®(nM/2Mp) ~ —H? in an impurity Kondo model.1””)
At high temperatures, the negative magnetoresistance is dominant, but with decreasing
temperature, almost localized 4 f-electrons become itinerant, forming a 4 f-derived heavy
band. The latter effect is therefore diminished, and the former positive magnetoresistance
becomes dominant, especially in the transverse magnetoresistance.

The transverse magnetoresistance Ap/p(0) = {p(H) — p(H = 0)}/p(H = 0) was
measured at various temperatures and pressures. The experimental results at 0.85 GPa
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Fig. 5.37 (a) Temperature dependence of the resistivity under pressures up to 1.75 GPa
and (b) up to 5.1 GPa, and (c) low-temperature resistivities under pressures up to 1.75
GPa in CeCug. Thin thin solid lines in (c¢) are the Fermi liquid relation of p = pp + AT?.
(d) The Tpmax dependence of 1/v/A (circles), together with the previous data (squares)
cited from ref. 175.

are shown in Fig. 5.39. The metamagnetic behaviour is observed at Hm = 50 kOe
under 100 mK. The magetoresistance decreases with increasing temperature, revealing a
negative magnetoresistance based on the impurity Kondo effect mentioned above. This
means that higher temperatures than 1 - 2 K destroy the heavy fermion state and suppress
the positive magnetoresistance due to the cyclotron motion of the heavy quasiparticles.
Up to 700 mK, the peak structure is observed at almost the same field, and disappears
at 1.7 K. Thus Hy, is defined as the magnetic field where the magnetoresistance indicates
a peak and is almost independent of temperature.

Figure 5.40(a) shows the magnetoresistance p(H) in the transverse configuration
J L H (J | b-axis and H | c-axis) at 0.1 K under several pressures. A peak in the
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Fig. 5.38 Transverse and longitudinal magnetoresistances at 100 mK, applied magnetic
field parallel to the c-axis in CeCusg.

magnetoresistance corresponds to the metamagnetic behavior at Hy,. Hpy is found to
increase monotonically as a function of pressure, as shown by arrows in Fig. 5.40(a) :
Hy, ~ 125 kOe at 2.00 GPa, as shown by an arrow. On the other hand, the A value is
changed from a shoulder-like structure at H,, to a peak structure above 1.75 GPa, shown
in Fig. 5.40(b). The present change of the metamagnetic behavior becomes distinct when
the ratio of the A value in the magnetic field H, A(H), to the A value in H = 0, A(0),
namely A(H)/A(0), is expressed as a function of H/H,,, as shown in Fig. 5.42. The
metamagnetic behavior is enhanced with increasing pressure. The present enhancement
most likely becomes maximum in the pressure range from 2.00 GPa to 3.4 GPa where the
electronic state is changed from the heavy fermion state to the valence fluctuating state,
as shown in Fig. 5.37(d), although a much higher magnetic field is needed to observe
the metamagnetic behavior in this pressure region. This is because the metamagentic
behavior does not occur in the valence fluctuating state, namely at pressures larger than
3.4 GPa. Here, the field dependence of py shown in Fig. 5.40 (c) is the same as the
magnetoresistance at 100 mK. The residual resistivity is also closely related to the heavy
fermion state, as discussed theoretically.’”®)

Figure 5.41 shows the pressure dependence of H,, determined by the magnetoresis-
tance and A value measurements. In addition to them, the data on CeCusgAug; are
also plotted : P = -0.21 GPa and H, = 0. The pressure value of CeCusgAug is esti-
mated from the bulk modulus of CeCug and the difference of the volume between CeCug
and CeCusgAug,.2 7180 CeCus qAug s corresponds to the electronic state with Ty = 0
K, namely the quantum critical point.'®® These experimental results indicate a linear
relation between Hy, and pressure. :

Finally we carried out the dHvA experiment for H || c-axis and determined the dHvA
frequency F' and the cyclotron effective mass m?. Figure 5.43 shows the dHvA oscillation
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Fig. 5.39 Transverse magnetoresistance Ap/p(0) at various temperatures under 0.85
GPa in CeCug.

and the corresponding FFT spectra. Six dHvA branches are observed. We also show in
Fig. 5.44 the dHvA frequency for H || c-axis (shown by red solid circles), together with the
angular dependence of the previous data'!) shown by open circles. The present dHvA
results are approximately consistent with the previous ones. Among the six detected
dHvA branches, we show in Fig. 5.45(a) the field dependence of the cyclotron mass
for three branches, revealing that the cyclotron mass decreases steeply with increasing
magnetic fields. From the v/A value and the ~ value in ref. 182, we estimated the
cyclotron mass at H = 0, as shown in Figs. 5.45(b), 5.45(c), and 5.45(d). Here, the v/A
value was determined for three different configuration (J || a-axis and H || c-axis, shown
by circles, J || b-axis and H || c-axis, shown by triangles, and J || c-axis and H || c-axis,
shown by squares). The cyclotron mass at H = 0 is thus estimated to be 23 mg for ' =
1.22x 108 Oe (branch ¢), 160 myg for F' = 9.75x10° Oe (branch 3), and 140 my for F =
1.24x107 Oe (branch «), revealing an extremely large cyclotron mass at H = 0.

Summary

The A value is steeply reduced with increasing pressure, revealing that the heavy
fermion state below 1 GPa is changed into the so-called valence fluctuating state at
pressures larger than 3.4 GPa. The magnetic field also strongly reduces the A value
and the cyclotron mass. The A value, however, becomes distinct and is enhanced at the
metamagnetic field in a characteristic pressure region where the electronic state deviates
from the heavy fermion state, for example, at 2.00 GPa.
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Fig. 5.40 (a) Magnetoresistance at 100 mK, field dependence of (b) A and (c) po at
various pressures up to 5.1 GPa in CeCug.
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Fig. 5.42 H/H,-dependence of A(H)/A(0) under several pressures in CeCus.
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Fig. 5.43 (a) dHvA oscillation for H || c-axis at 34.8 mK, and (b) and (c) the corre-
sponding FFT spectra in different magnetic field ranges from 60 to 169 kOe and from
100 to 149 kOe, respectively.
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9.9 Yngano

Introduction

Most of Ce and U compounds order antiferromagnetically. Some compounds such as
CeCug, CeRu,Siy and UPt; exhibit no long-range magnetic ordering?. The magnetic
susceptibility of these compounds shows a maximum at a characteristic temperature
Tymae- Below T3 . the susceptibility becomes almost temperature-independent, and
an f-electron nature is changed into a new electronic state, called the heavy fermion
state. Here, T, . approximately corresponds to the Kondo temperature 7x. One of the
characteristic properties in the heavy fermion compounds is the metamagnetic behavior or
an abrupt nonlinear increase of magnetization at the magnetic field H,, at temperatures
lower than 7, ... The metamagnetic behavior appears at Hy, = 77 kOe in CeRu,Si» and
Hp = 200 kOe in UPLa, for example®”*®) | as mentioned in Sec 2.3 (see Fig. 2.14), and
furthermore we studied precisely the metamagnetic behavior in CeCug in Sec. 5.4.

YbTsZnyy (T: Co, Rh, Ir) crystallizes in the cubic CeCryAlyy (Fd3m) crystal structure.
It is remarkable that the lattice constant a = 14.187 A in YblryZnyg is very large, and
thus the distance between Yb-Yb atoms is considerably large, 6.14 A, compared with a
= 4.20 A in YbAl; with the AuCus-type cubic structure). Note that the Yb atom, which
forms the diamond structure, is coordinated by 16 zinc atoms, and the Ir atom has an
icosahedral zinc coordination, forming the caged structures, as shown in Fig. 5.46.

We studied the metamagnetic behavior of YbT5Znyg by measuring the magnetization,
magnetic susceptibility, ac-susceptibility and magnetoresistance, and propose a relation
between T and Hy, in the heavy fermion compounds. Single crystals were grown by

Xmax

the Zn-self flux method, as described in Chap.4.

Experimental results and analyses

Fig. 5.46 Crystal structure of YbT5Zny.
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Figure 5.47(a) shows the temperature dependence of the magnetic susceptibility x
for H || (100). The susceptibility follows the Curie-Weiss law of x = C/(T + 6p) +
Xo : the Curie term with an effective magnetic moment p.g = 4.54 ug/YDb, close to
tef = 4.57 up/Yb of Yb™3, a paramagnetic Curie temperature fp = -27 K and y, =
-1.05x10~3 emu/mol. The susceptibility possesses a broad peak at T, = 7.4 K, which
is characteristic in the heavy fermion compounds. The present result is the same as the
previous one!®?).

The high-field magnetization for H || (100) is shown in Fig. 5.47(b), revealing a
metamagnetic behavior at H,, = 97 kOe. The corresponding magnetoresistance is also
shown in Fig. 5.47(c). A change of the magnetoresistance was observed at Hy, = 97 kOe,
as shown by an arrow, together with small changes at H, = 60 kOe and H/ = 120 kOQOe.
The metamgnetic transition field is slightly anisotropic : Hy,, = 120 kOe for H || (110).

The similar measurements were carried out for YbRhyZnyg, as shown in Fig. 5.48.
The magnetic susceptibility has a maximum at T, = 5.3 K, as shown in Fig. 5.48(a).
The metamagnetic behvior was observed at Hy, = 64 kOe in the magnetization, as shown
in Fig. 5.48(b) and another anomaly was furthermore observed at H! = 84 kOe in the
magnetoresistance, as shown in Fig. 5.48(c)

In YbCoyZnyg, the metamagnetic behavior was observed at a very small magnetic
field Hy,, = 6 kOe at temperatures lower than 0.3 K. The susceptibility increases with
decreasing temperature down to 1.8 K, following the Curie-Weiss law, as shown in Fig.
5.49(a). We therefore measured the ac-susceptibility below 1 K, and obtained a peak at
Tymes = 0.32 K, as shown in inset of Fig. 5.49(a). The magnetization at 1.3 K didn’t
reveal the metamagnetic behavior, as shown in Fig. 5.49(b). The metamagnetic behavior
at Hy = 6 kOe is reflected in the ac-susceptibility at 60 mK, as shown in inset of Fig.
5.49(b), and in the magnetoresistance at 100 mK, as shown in Fig. 5.49(c). YbCoyZny
is therefore located in the vicinity of the quantum critical point. In fact, the electronic
specific heat coefficient vy is very large, 8000 mJ/K2-mol'83),

From the present results of the metamagnetic behavior, together with the previous
results of Ce and U compounds, we constructed the relation between T},... and Hy, as
shown in Fig. 5.50. A solid line in Fig. 5.50 indicates a simple relation of H;,(kOe) = 15
Tymas(K), namely ppHy = kpTy,,,,-

It is noted that the relation between A and - is known as the Kadowaki-Woods plot3D,
as described in Sec. 2.2. The A and v values in YbTsZnoy(T : Co, Rh, Ir) are found
to belong the generalized Kadowaki - Woods relation for N = 43%183,18%) a5 shown Fig.
5.51. Shown later, the value of A = 380 uf2-cm/K? at 0 kOe under 5.0 GPa in YblryZny,
exceeds v = 10 J/(K?-mol) if we follow this relation. This is realized in YbTyZnsy,
revealing A = 160 uQ2-cm/K? and v = 8000mJ/(K2-mol) in YbCoyZnyg.

Summary

A simple relation between the characteristic temperature T}, . and the metamagnetic
field Hy, was obtained experimentally for heavy fermion compounds YbT5Zng (T : Ir,
Rh, and Co) : Hy, = 15 T;,...(K). In YbCosZngy, an electronic state with a very small

Xmazx
Kondo temperature T}, = 0.32 K is realized, which corresponds to a very large vy value
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of 8000 mJ/K2-mol. This might be mainly due to a long distance between Yb atoms, 6
A, together with the cage structure.

Recent results in YbT;Znyy: an effect of pressure on the electronic state

The effect of pressure on the electronic state furthermore was studied in YbT5Znag.
This is because the quantum critical point and magnetic ordering are attained by applying
pressure. The magnetoresistance at 0.1 K was measured under several pressures for
YblryZngy. With increasing pressure, the metamagnetic field H, =97 kOe at ambient
pressure, shown by an arrow, shifts to lower magnetic fields and becomes zero at P, ~
5.2 GPa!®) as shown in Fig. 5.52(a). It is remarkable that a shoulder-like feature of
metamagnetic behavior at 0 and 1.2 GPa is changed into a sharp peak at higher pressures.
The present peak, associated with the metamagnetic behavior, is a guiding parameter to
reach the quantum critical point: P — P, for H,, — 0, as shown in Fig. 5.52(b). Here,
the A value is extremely enhanced with increasing pressure and has a maximum at P, ~
5.2 GPa, with A = 380 uQ-cm/K? at 5.0 GPa, as shown in Fig. 5.52(c).

The experimental results are summarized in Fig. 5.52(b) as the pressure vs Hy, and
pressure vs Ty phase diagrams. At higher pressures than P, ~ 5.2 GPa, the electronic
state is changed into an antiferromagnetic state because the magnetic field vs temperature
phase diagram is closed for the present magnetic ordering.

The temperature dependence of the electrical resistivity below 0.8 K was furthermore
measured under magnetic fields and pressures. The Fermi liquid relation of p = py +
AT? is satisfied in these experimental conditions, and the obtained A value is shown in
Fig. 5.52(c) as a function of magnetic field. A broad peak at Hy, =97 kOe at ambient
pressure in the A value is changed into a distinct peak at 2.2 and 3.4 GPa, together with
an anomalous enhancement of A value at higher pressures: A =380 pf-cm/K? at 0 kOe
under 5.0 GPa, as mentioned above, which is strongly reduced with increasing magnetic
field: A = 1.45uQ-cm/K? at 80 kOe under 5.0 GPa.

The similar phase diagrams are obtained for YbRhyZnyy and YbCoyZnyg, as shown
in Figs. 5.53 and 5.54, respectively. It is noted that Tgp, in Fig. 5.53 means the temper-
ature below which the Fermi liquid relation p = py + AT? is satisfied. It is also noted
that the quadrupolar ordering is realized in magnetic fields along the (111) direction for
YbCo2Zny, as shown in Figs. 5.54(b) and 5.54(c). The CEF level crossing creates the
quadrupolar ordering. This is based on a small CEF level splitting energy : T's(0 K)
doublet - I's(9.1 K) quartet - I'7(29 K) doublet.
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5.6 UTQZHQO

Introduction

UToZng( T : Co, Ir ) also crystallizes in the cubic structure with a large lattice
constant @ ~ 14 A and the U-U distance d ~ 6 A, as in YbT5Zngg. UCo2Zngyy was
reported to be a non-magnetic heavy fermion compound'®®. The magnetic susceptibility
follows a Curie-Weiss law at high temperatures and possesses a maximum at T, = 7
K. The corresponding specific heat coefficient C/T also possesses a broad maximum at
5 K. On the other hand, UlryZng was a ferromagnet with a Curie temperature T =
2.1 K!%). Both compounds, however, possess large electronic specific heat coefficients
= 230 and 450 mJ/(K?-mol), respectively. Another experimental results were reported
very recently, claiming that UCosZngy and UlrsZngy are non-magnetic heavy fermion
compounds with T}, .. = 8.2 and 4.5 K, and the electronic specific heat coefficient v =
350 and 400 mJ /(K2 -mol), respectively'®”.

A non-linear increase of magnetization, namely a metamagnetic behavior was observed
at the magnetic field Hy, in the similar non-magnetic heavy fermion compounds YbT2Zns
(T : Co, Rh, and Ir)'®®) as described in Sec 5.5. A simple relation between T and Hy,
in Ce-, U-, and Yb-based heavy fermion compounds including YbTsZngy was obtained
as 157, (K) = Hn(kOe), namely kg7, . = pupHn. Here, T, roughly corresponds
to the Kondo temperature, and the corresponding metamagnetic behavior is observed
below T},... The almost localized f-electron nature at high temperatures is changed into
a heavy fermion state at temperatures lower than T, . The heavy fermion state can
be, however, changed into the almost localized f-electron nature at magnetic fields larger
than Hy,.

We grew single crystals of UCo0,Znsy and UlrsZnsg, as described in Chap.4, and mea-
sured the electrical resistivity, specific heat, magnetic susceptibility and magnetization
to investigate the metamagnetic behavior.

max max

Experimental results and analyses

UCOQ ZHQO

First, we show in Fig. 5.55(a) the temperature dependence of the electrical resistivity
p in UCoyZny, together with that in UlryZngg. The resistivity increases slightly with
decreasing temperature, has a broad maximum around 100 K, and decreases steeply at
lower temperatures. The resistivity follows a Fermi liquid relation of p = pg + AT? below
3 K, as shown by a thin solid line in inset of Fig. 5.55(a). The A value is 0.49 pQ-cm/K?,
which corresponds to v ~ 220 mJ/(K2.mol) from a Kadowaki-Woods relation A/y* =
1.0x107% pQ-cmK~2/(mJK~2mol~1)~2%1), We note that A = 1.3 u-cm/K? and v = 360
mJ/(K?-mol) are obtained for UlryZnyy.

The low-temperature specific heat coefficient C/T possesses a broad peak at 6 K, as
shown Fig. 5.55(b), and the ~ value is 300 mJ/(K?-mol), which are approximately con-
sistent with the previous results'®6187) together with v = 220 mJ/(K2-mol) estimated
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from the A value, mentioned above. The magnetic susceptibility x increases with de-
creasing temperature, and possesses a peak at 7). = 8.5 K. No anisotropy is observed
below and above T}, for H || (100), (110), and (111). The present peak is therefore not
due to a magnetic ordering, but is based on a characteristic heavy fermion behavior, as
mentioned in Introduction. The effective magnetic moment and the paramagnetic Curie
temperature are obtained as pog = 3.44 up/U and 0p = -63 K, respectively. The present
magnetic moment is close to 3.58 ug/U of 5f% and 3.62 up/U of 52 configuration.

A metamagnetic behavior, which is characteristic in heavy fermion compounds, is
clearly observed at Hy,~ 80 kQOe for H || (100), (110}, and (111}, as shown in Fig. 5.55(d).
The magnetic moment at 500 kOe is small, 1.1 pp/U. This means that the 5f electrons
are not fully localized even at high magnetic fields and still contribute to the conduc-
tion electrons. The present metamagnetic behavior is also reflected in the transverse
magnetoresistance, as shown in Fig. 5.55(e). We also obtained the A value from the
temperature dependence of the resistivity under constant magnetic fields. The magnetic
field dependence of the A value is shown in Fig. 5.55(f), revealing a broad maximum at
around H,.

UII‘Q an()

A broad maximum in C/T is observed at 3.5 K in Ulr,Zny, as shown in Fig. 5.56(a),
and the y value is roughly estimated as 450 mJ/(K2-mol), which is also consistent with
the previous results'®” and v = 370 mJ/(K?mol) estimated from the A value. The
present -y value is reduced to 400 mJ/(K2-mol) at 50 kQe, as shown inset of Fig. 5.56(a).
Note that C/T at 20 kOe, which is a metamagnetic field, shown below, increases with
decreasing temperature. No anisotropy of the magnetic susceptibility is also observed for
H || (100), (110), and (111), as shown in Fig. 5.56(b). The p.s and 0p are 3.55 pp/U
and -85.8 K, respectively. T}, is obtained at 5.3 K.

The metamagnetic behavior is observed at H, = 20 kOe, as shown in Figs. 5.56(c)
and 5.56(d). An increase of transverse magnetoresistance below 4.0 K is suppressed above
Hy,, as shown in Fig. 5.56(e). It is noted that 4.0 K is below T}, = 5.2 K. The A value
indicates a sharp peak at H,, = 20 kOe. This peak is, however, reduced with increasing
pressure, and most likely diminishes at high pressures of 4 GPa. It is also noted that
the A value at H = 0 kQOe is approximately unchanged with respect to pressure. This
behavior is in contract with that in YblryZngy, where the peak structure is shifted to
lower magnetic fields with increasing pressure, and finally Hp,, becomes zero at a critical
pressure P, = 5.2 GPa, reaching quantum critical point. The A value is increased from

A = 0.29 uQ-cm/K? at ambient pressure to A = 380 uQ-cm/K? at P18,
Summary

We observed a metamagnetic behavior at Hy, = 80 kOe for 7}, ., = 8.5 K in UCo2Znyg
and at Hy, =20 kOe for T}, = 5.2 K in Ulr,Zny,. The present metamagnetic behavior is
typical in heavy fermion Ce, Yb, and U compounds, and a simple relation of 15 T ., (K)

Xmax
= Hp,(kOe) is roughly applied to UCosZnyy and UlryZngy.
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5.7 YbPd;AlL

Introduction

Superconductivity in the f-electron systems has been observed in Ce, Pr, Yb, U, and
nowadays, even transuranium compounds. It was a surprise that heavy fermion super-
conductivity was discovered in NpPdsAl,!8%. This is because most of the Np compounds
order magnetically. In fact, superconductivity of NpPdsAl, is realized in the vicinity
of antiferromagnetic ordering, or in the electronic state close to the so-called quantum
critical point.

CePd;sAl,, which is an analog of NpPd;Al,, is an antiferromagnet'®), but becomes
superconductive under pressure'®?. Both CePdsAl, and NpPdsAl, compounds crystal-
lize in the tetragonal ZrNisAls-type structure, where CePds; (NpPd3) and PdyAl, layers
are stacked along the [001] direction (c-axis) as shown in Fig. 5.57. They are layered
compounds whose cleavage plane corresponds to the tetragonal (001) plane. Reflecting
the layered structure, as shown in Fig. 5.57, the results of energy band calculations for
NpPd;Al; and RPdsAl; (R: La, Ce) reveal that the electronic state is not three dimen-
sional but quasi-two-dimensional. Namely, nearly cylindrical Fermi surfaces are observed
in CePdsAl, and PrPd;Al,199.

We continued trying to grow a new RPdsAl; compound, and succeeded in growing
single crystals of YbPdsAl,. The electrical and magnetic properties are studied for a new
compound YbPdsAl.

Experimental procedure

We grew a single crystal of YbPdsAl, by the Bridgman method, as described in Chap.3.
The electrical resistivity was measured by the conventional four-probe DC and/or AC
method. The magnetic susceptibility and magnetization measurements were carried out
using a commercial SQUID magnetometer. The high-field magnetization was measured
by the standard pick up coil method using a long-pulse magnet with a pulse duration of
50 ms. The specific heat was measured by the quasi-adiabatic heat pulse method. The
electrical resistivity was also measured under pressure using a diamond anvil cell with
glycerin as a pressure transmitting medium.

Experimental results and analyses

Figure 5.58(a) shows temperature dependences of the electrical resistivity for the current
J along the [100] and [001] directions. Anisotropy of the resistivity is small compared
with that of CePd5Al,!%%190  although the resistivity for J || [001] is larger than that for
J || [100]. The resistivity decreases almost lineally with decreasing temperature. This
suggests that YbPdsAl, is not a heavy fermion compound but either 4 f-localized or
Yb%*-Pauli-paramagnetic compound. As shown later, the 4f electrons are found to be
magnetic and localized in nature.
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[001]

[100]
[100]

Fig. 5.57 Tetragonal crystal structure of YbPdsAl,. This crystal structure is the same
-with those in CePdsAl; and NpPdsAls.

We measured the electrical resistivity at low temperatures for J || [110] under magnetic
fields for H || [110], as shown in Fig. 5.58(b). The resistivity at H =0 kOe decreases
almost, lineally with decreasing temperature, but indicates a small drop of the resistivity
below 0.3 - 0.4 K. This corresponds to an appearance of long-range ordering, presumably
an antiferromagnetic ordering, as shown later in the specific heat. To know the A value
of the Fermi liquid relation p = py + AT?, we measured the electrical resistivity under
magnetic fields. The A value is obtained to be 0.001 - 0.002 pQ2-cm for H = 50 and
80 kOe, as shown by solid lines in Fig. 5.58(b). These values approximately correspond
to the electronic specific heat coefficient v ~ 10 mJ /(K2 -mol) from the Kadowaki-Woods
relation, revealing a small v value.

Figure 5.58(c) shows the temperature dependence of magnetic susceptibility x and
inverse susceptibility 1/x. The susceptibility increases with decreasing temperature, ap-
proximately follows the Curie-Weiss law, but does not indicate a magnetic ordering down
to the lowest measured temperature of 1.9 K. The effective -magnetic moment u.¢ and
paramagnetic Curie temperature p are determined from fits of the Curie-Weiss law in
the temperature range between 100 and 300 K to be ug = 4.68 ug/Yb and 0p = 7.2
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K for H || [100], and pes = 4.53 up/YDb and 0p = -27 K for H || [001]. The effective
magnetic moment is close to 4.54 ug for Yb3*.

We measured the high-field magnetization at 1.3 K, as shown in Fig. 5.58(d). The
measurement was thus done in the paramagnetic state. The magnetization reaches 3.6
1B/Yb at 500 kOe for H || [001], which is close to the saturated magnetic moment, 4
ps/Yb for Yb3*. On the other hand, the magnetization for H || [100] increases rapidly
below about 100 kOe and is almost saturated at higher magnetic fields, indicating 3.2ug
at 50 T. The present anisotropy of magnetization including the magnetic susceptibility is
different from those in CePdsAl, and PrPdsAl, but is similar to that in NpPd5Al,189-192),
The crystalline electric field is different between these compounds.

Figure 5.58(e) shows temperature dependences of specific heat of YbPds;Al, and a
reference compound LuPdsAl;. The specific heat of YbPdsAl, shows a steep increase
below 1 K, and indicates a A-shaped sharp peak at 0.19 K, manifesting an appearance of
long-range ordering below Ty. This ordering corresponds presumably to an antiferromag-
netic one because the paramagnetic Curie temperature is negative and this ordering was
easily suppressed by an application of magnetic field of 5 kOe. We calculated the mag-
netic entropy Smag by integrating Crag/T over temperature, where Cpag = C(YbPd5Aly)
- C(LuPdsAly). As shown in inset of Fig. 5.58(e), Smag is about 0.5RIn2 at Ty =0.19
K and reaches RIn2 at 0.7 K. The large suppression of magnetic entropy at Ty and long
tail above Ty up to about 1 K might simply suggest an existence of Kondo effect at
low temperatures. However, the temperature dependence of electrical resistivity and the
small value of the coefficient A indicate that 4 f-electrons are well localized. There is a
possibility that a short-range antiferromagnetic ordering starts below 0.7 K. The reason
of a small magnetic entropy is not clear at present, and is left as a future study.

In order to study the pressure effect of the long-range ordering at Ty, we measured
the electrical resistivity under pressures in the temperature range from 0.05 K to room
temperature. Since the anomaly of the resistivity at Ty is very weak, the pressure de-
pendence of Ty could not be determined in the present experiment. The resistivity at
high temperatures is approximately unchanged up to 9.0 GPa, as shown in Fig. 5.58(f),
although the residual resistivity is extremely enhanced with increasing pressure. It is thus
concluded that the electronic state is almost unchanged by the application of pressure up
to 9 GPa.

Summary

We succeeded in growing a single crystal of YbPdsAl, by the Bridgman method.
YbPdsAl is presumably an antiferromagnet with a very low ordering temperature Ty =0.19 K.
The A value is small, 0.001-0.002 p2-cm, which roughly corresponds to 10 mJ/(K2-mol).
The temperature dependence of the electrical resistivity is not appreciably changed at
high pressures up to 9.0 GPa.
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Fig. 5.58 (a) Temperature dependences of the electrical resistivity from room temper-
ature to 1.3 K for J || [001] and [110], (b) low-temperature resistivities under magnetic
fields for J || H || [110], where thin solid lines represent the Fermi liquid relation of
p = po + AT?, (c) magnetic susceptibility x and inverse susceptibility 1/x in the tem-
perature range from room temperature to 2 K for H || [001] and [100]. (d) high-field
magnetization curves at 1.3 K for H || [001] and [100] in YbPdsAl,, (e) low-temperature
specific heats in YbPdsAl, and LuPdsAly(inset : magnetic entropy of YbPdsAly), and
(f) temperature dependences of the electrical resistivity for J || [100] at several pressures
in YbPdgAl,.
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5.8 YbGay

Introduction

There exist several Yb-Ga compounds such as YbyGa, YbGa, YbGas, YbsGag, YbGagz_,,
YbGay, YbGas, and YbGag.12219-19) Among them, YbGa, with the hexagonal structure
is well known as a divalent compound.'?®).

We studied the Ga-rich compounds and succeeded in growing single crystals of YbGay.
The electrical and magnetic properties are clarified.

Experimental procedure

Single crystals were grown by the annealing method as described in Chap. 4. The
X-ray diffraction measurements were done by using the single crystal sample. The mea-
surements were performed on an imaging plate as a detector with graphite monochro-
mated Mo K, radiation. The lattice parameter were determined to be a = 6.123 A, b
= 6.110 A, and ¢ = 6.186 A, which are in good agreement with the previous report!®%.
The crystal data are summarized in Table 5.VI. It is noted that the crystal structure of
YbGay is the same structure as CaGay, a monoclinic distortion of BaAly type, as shown
Fig. 5.59.197

The electrical resistivity was measured by the conventional four probe DC and/or AC
method. The magnetic susceptibility measurement was carried out by using a commercial
SQUID magnetometer. The specific heat was measured by the quasi-adiabatic heat pulse
method.

Experimental results and analyses

Figure 5.60 shows the temperature dependence of the electrical resistivity for the current
along the c-plane based on the BaAly type tetragonal structure. The resistivity is close to

Table 5.VI Lattice parameters, fractional coordinates and equivalent iso-
topic atomic displacement parameters in YbGay.

space group Amm?2

lattice parameters
oAl O] ¢Al a B 74
6.123 6.110 6.186 90° 120.57° 90°
atom T Y z
Yb 0 0 0
Gal 0602 O 0.229
Ga2 0 0.24 0.5
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(2) (®)

Fig. 5.59 (a) Geometrical relationship between the cells of the monoclinic YbGay (thick
lines), and the tetragonal BaAl, (thin lines) and (b) crystal structure of YbGay.

the divalent nature. In fact, the magnetic susceptibility is Pauli paramagnetic, as shown
in Fig. 5.61. It is, however, noted that the sample contains some paramagnetic impurity,
which amounts to about 0.2 % of Yb3t.

Figures 5.62(a) shows the temperature dependence of the specific heat divided by
temperature C/T. Below 1.8 K, an upward tail is observed in the temperature dependence
of C'/T, which might be due to the magnetic impurities. The entropy reaches only about
0.005RIn?2, as shown in Fig. 5.62(a), implying that an impurity amounts to 0.5 % at
most, which is consistent with the magnetic susceptibility in magnitude. Neglecting this
contribution, we estimated roughly the electronic specific heat coefficient and the Debye
temperature as v = 1.9 mJ/(K?-mol) and Op = 230 K from a simple relation with higher
order contribution of phonon C = 4T + ST° + nT°, shown by a red solid line in Fig.
5.62(b). The Debye temperature of YbGa, is similar to that of FuGay with 220 K and
the tetragonal BaAly type structure.!%®

Suinmary

We succeeded in growing the single crystals of YbGay, and determined the crystal
data. YbGay is found to be a divalent Pauli paramagnet with v = 1.9 mJ/(K?mol).
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Fig. 5.60 (a) Temperature dependence of the resistivity of YbGay.
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Fig. 5.61 Temperature dependence of the magnetic susceptibility of YbGay (red circles),

where the impurity contribution (green circles) was subtracted from the raw data (black
circles).



148  CHAPTER 5. EXPERIMENTAL RESULTS, ANALYSES, AND DISCUSSION

S
=

C/T (mJ/K* mol)
[\
(e
S (J/K-mol)

C/T(ml/K mol)

T (K)

Fig. 5.62 (a) Temperature dependence of the specific heat devided by temperature C/T
and its entropy, and (b) T2 dependence of C/T of YbGay(a solid line is expressed by
C =~T + BT3 +nT®).



6 Conclusion

The present experimental studies of La, Ce, Yb, and U compounds are summarized
as follows :

1) Pressure-induced superconductivity including superconductivity with the
non-centrosymmetric crystal structure

CePtSi, and CeRhGe,

We synthesized a new compound of CeRhGe; with the orthorhombic CeNiSiz-type
structure. By measuring the electrical resistivity, magnetic susceptibility, magnetiza-
tion, specific heat, and neutron scattering for single crystals, CeRhGes was found to
order antiferromagnetically below Ty= 7.6 K with an ordered moment of 1.3 pp/Ce
oriented along the magnetic easy-axis of the c-axis. Similar measurements were also
carried out for CePtSi, single crystals. From the experimental results of anisotropic
magnetic susceptibility and magnetization, the crystalline electric field (CEF) scheme
was obtained for CeRhGe, and CePtSi,, together with the similar compound CeNiGe;.
Furthermore, we carried out pressure experiments by measuring the electrical resis-
tivity of CePtSi; and CeRhGe;. In the quantum critical region where the Néel tem-
perature becomes zero, we observed superconductivity in CePtSi; and most likely
CeRhGey, at 1.5 and 7.1 GPa, respectively. The upper critical field of CePtSiy was
found to be highly anisotropic with respect to the three principal field directions.

CelrGe;

We discovered superconductivity in an antiferromagnet CelrGez with the non-centro-
symmetric tetragonal structure below 1.5 K at a pressure of 20 GPa. We performed
electrical resistivity measurements in single crystals of CelrGes in the temperature
range 0.04 - 300 K at pressures up to 24 GPa. From these measurements we deduced
the P — T phase diagram. The data implies a crossover from localized to itinerant 4 f
electrons of the type caused by a Kondo lattice phenomenon as pressure increases. The
antiferromagnetic phase weakens with pressure and eventually vanishes above 22 GPa,
indicative of the occurrence of a quantum critical point. Superconductivity appears
inside the antiferromagnetic phase near this critical point. After the disappearance of
the magnetic ordering a non-Fermi-liquid behavior is observed, and superconductivity

- becomes dominant. Resistivity measurements taken at 24 GPa in magnetic fields up
to 80 kOe strongly suggest that CelrGe;z has a very large upper critical field for H ||
[001].

LaNiC2

We succeeded in growing single crystals of LaNiCs with the non-centrosymmetric
orthorhombic structure by the Czochralski method and measured the electrical re-
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2)

sistivity, de Haas-van Alphen effect (dHvA), and specific heat to clarify the Fermi
surface and superconducting properties. This compound has been studied experi-
mentally and theoretically from a viewpoint of the triplet superconducting pairing
state based the non-centrosymmetric crystal structure. In the present experiment, we
observed an ellipsoidal Fermi surface and a multiply-connected-pillar Fermi surface,
although these Fermi surfaces are split into two Fermi surfaces, reflecting the anti-
symmetric spin-orbit interaction based on the non-centrosymmetric crystal structure.
The two ellipsoidal Fermi surfaces are split by 230 K, for example. The anisotropy of
electrical resistivity and upper critical field H., in superconductivity are not large for
the three principal directions. From the low-temperature specific heat measurement,
superconductivity in LaNiCs is of the BCS-type, with the superconducting energy gap
2A = 2.85kpT(Tsc = 2.7 K), contrary to the above arguments. The upper critical
field H.3(0), which was obtained from the specific heat under magnetic fields, is about
2 kOQOe.

Metamagnetic behavior and electronic instability

CeCu6

The metamagnetic behavior, which corresponds to one of the characteristic properties
in the heavy fermion compounds, was studied by measuring the electrical resistivity
under pressure and magnetic field for a typical heavy fermion compound CeCug with
the orthorhombic structure. The transverse magnetoresistance at 100 mK indicated
a peak structure at the metamagnetic field Hy, = 20 kOe for the magnetic field
H || c-axis under ambient pressure. Hyp, is found to increase linearly as a function of
pressure and indicates H,,, = 102 kOe at 1.75 GPa, for example. The quantum critical
point corresponds to a negative pressure of about 0.21 GPa from extrapolating Hy,
to zero. The py and A values in the electrical resistivity p = py + AT? decrease
steeply in magnitude with increasing pressure and magnetic field, indicating that
the heavy fermion state is destroyed by pressure and magnetic field. The A value,
however, becomes distinct and/or is enhanced at the metamagnetic field, especially,
in a characteristic pressure region where the electronic state deviates from the heavy
fermion state to the valence fluctuating region, for example, at 2.00 GPa. It is also
confirmed from the dHvA experiment that the cyclotron effective mass is reduced
with increasing field. It other words, the cyclotron mass at zero field is extremely
large, for example, 160 my for F' = 9.75x10% Oe (branch f).

YbT2 an()

We measured the magnetization in high magnetic fields up to 500 kQe, together
with the magnetic susceptibility, ac-susceptibility and magnetoresistance for heavy
fermion compounds YbTsZnyy ( T : Co, Rh, Ir ). The metamagnetic behavior or
an abrupt nonlinear increase of magnetization was observed below the magnetic field
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H,, at temperatures lower than a characteristic temperature 7, .. below which the
magnetic susceptibility becomes almost constant : H,,, = 97 kOe and T, .. = 74 K
in YblreZng, Hp= 64 kOe and T,,,. = 5.3 K in YbRhyZny, and H,, = 6 kOe and
Ty e = 0.32 K 'in YbCoyZny,. From the present data and the previous data in several

Ce and U heavy fermion compounds, a simple relation between Hy, and T, was
obtained : Hy,(kOe) = 15T, (K), namely pugHy = kgT,

Xmax max *

UT2 Zn20

The metamagnetic behavior, which is typical in heavy fermion compounds, is also
observed in UCo3Zngy and UlrsZng at Hy, = 80 and 20 kOe, respectively. Reflecting
the metamagnetic behavior, the magnetoresistance is suppressed in magnetic fields
larger than Hp,, and the corresponding A value of a Fermi liquid relation in the
electrical resistivity p = po+ AT? indicates a peak at around H,,. Pressure suppresses
this behavior in UlryZngg.

3) Searching for new Ce and Yb compounds

We searched for new Ce and Yb compounds, and succeeded in growing single crystals
of CeRhGey and YbPd5Al,. These compounds are new materials. The experimental
results of CeRhGe; are described above. We also succeeded in growing single crystals
of YbGay, of which the electrical and magnetic properties were previously unknown.

YbPd;Al,

We succeeded in growing a single crystal of YbPd;Al, with the tetragonal structure.
The temperature dependence of electrical resistivity and a small value of the coeflicient
A in the Fermi liquid relation p = py + AT? suggest that the 4f electrons are well
localized. An antiferromangeic ordering was found at Ty = 0.19 K in the specific heat
measurement. On the other hand, the magnetic entropy exhibits only 0.5RIn2 at Ty,
and the magnetic specific heat shows a long tail above Ti.

YbGay

We succeeded in growing a single crystal of YbGay, and obtained the crystal structure
data. YbGay is found to be a divalent Pauli paramagnet with v = 1.9 mJ/(K2-mol).

It is noted that Ce-based antiferromagnets including CePtSiz, CeRhGey, and CelrGeg
can be changed into heavy fermion superconductors in the quantum critical region, but it
is difficult to observe superconductivity in the quantum critical region of Yb compounds
including YbT5Zng(T: Co, Rh, Ir).

Finally, we discuss the candidate for Yb based heavy fermion superconductor. In
past, S-YbAIB, is only one compound that is reported as a Yb based heavy fermion
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superconductor!?. As mentioned above, the crystal structure of CePtSi; and CeRhGe,
is quasi two dimension and the neutron experiment suggests quasi dimension g-vector.
Two dimensional character is one of important factors for superconductivity. The effect
of dimensionality is consistent with theoretical suggestion'®. Second point, generally,
a large effective mass suppresses a superconductive transition temperature. Because
a heavy mass implies narrow band width, corresponding to small Debye temperature
in terms of electron-phonon interaction. Actually, v value in S-YbAIB, is estimated
about 150 mJ/(K?-mol), much smaller than YbTsZny. Although we did not observe
the superconductive state of YbT,Znoy down to 100 mK, we are interested also in what
happens at extremely lower temperatures. Third point, 4f electrons of trivalent Yb ion is
more localized than that of trivalent Ce ion, leading a small exchange interaction between
Yb atoms. It is generally said that Yb compounds indicate small magnetic transition
temperature rather than Ce one due to the small exchange interaction. To overcome
these difficulties, we propose a following crystal structure, quasi two dimensional and the
short distance between Yb atoms for enhancing a magnetic interaction, for example, Yb
1-1-2 system with the same structure CePtSi; and CeRhGes,.
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