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Abstract

The f electrons of cerium and uranium compounds exhibit a variety of characteristic
features including spin and valence fluctuations, heavy fermions and anisotropic super-
conductivity. In these compounds, the RKKY interaction and the Kondo effect compete
with each other. The former interaction enhances the long-range magnetic order, while
the latter effect quenches the magnetic moments of the localized f electrons by the spin
polarization of the conduction electrons. The electronic states thus depend strongly on
the temperature. These unique electronic states are, however, tuned by high pressures
and high magnetic fields.

The pressure experiments were demonstrated for antiferromagnets CeNiGe3, CeNi2Al5,
UNiGa5, UPdGa5, UPtGa5, UN and UGa3, and a ferromagnet CeAgSb2. The magnetic
ordering temperature decreases with increasing pressure, and becomes zero at a critical
pressure Pc, for example Pc ' 5.5 GPa in CeNiGe3. The experimental results of CeNiGe3

indicated clearly that a 4f -localized nature in the antiferromagnetic state of CeNiGe3 is
changed into a non-magnetic 4f -itinerant state, passing through the heavy fermion state
at Pc. The crossover from localized to itinerant in the f electron system is also found to
be tuned by applying pressure for CeNi2Al5, UNiGa5, UPdGa5, UPtGa5, UN and UGa3.

The magnetic susceptibility in URu2Si2 and UPt3 increases with decreasing temper-
ature, following the Curie-Weiss law at high temperatures, and has a maximum at a
characteristic temperature Tχmax, which approximately corresponds to the Kondo tem-
perature. Below Tχmax, the susceptibility becomes almost temperature-independent, and
the electronic state of the f electron system is changed into a heavy fermion state. The
heavy fermion state, where the f electrons are itinerant, is also tuned by high magnetic
fields. Namely, the crossover from the f -itinerant state to the almost localized f electron
state occurs at a critical magnetic field Hm, indicating a metamagnetic transition in the
magnetization curve. The crossover from itinerant to localized is tuned by applying high
magnetic fields Hm = 40 T in URu2Si2 and Hm = 20 T in UPt3. In the present study it
was clarified that the metamagnetism persists up to Tχmax: 60 K in URu2Si2 and 30 K
in UPt3.
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1 Introduction

The f electrons of rare earth compounds exhibit a variety of characteristics including
spin and valence fluctuations, spin and charge orderings, heavy fermions, Kondo insula-
tors and anisotropic superconductivity. In the cerium compounds, the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction and the Kondo effect compete with each other 1).
The former interaction enhances the long-range magnetic order, where the 4f electrons
with the magnetic moments are treated as localized electrons and the indirect f -f in-
teraction is mediated by the conduction electrons with spins. On the other hand, the
latter effect quenches the magnetic moments of the localized 4f electrons by the spin
polarization of the conduction electrons, consequently producing the singlet state with
the binding energy kBTK, where TK is called the Kondo temperature, which leads to the
heavy fermion state with an extremely large effective mass at lower temperatures than
TK. The similar phenomena were also observed in the 5f electron system of uranium
compounds.

Competition between the RKKY interaction and the Kondo effect was discussed by
Doniach 2) in terms of a function of |Jcf |D(εF), where |Jcf | is a magnitude of the magnetic
exchange interaction and D(εF) is the electronic density of states at the Fermi energy εF.
Most of the cerium compounds order magnetically, because the RKKY interaction over-
comes the Kondo effect at low temperatures. On the other hand, some cerium compounds
such as CeCu6 and CeRu2Si2 indicate no long-range magnetic order 1).

Recently a new aspect of the cerium and uranium compounds with the antiferromag-
netic ordering has been revealed. When pressure P is applied to the compounds such
as CeIn3 and CePd2Si2

3), the Néel temperature TN decreases and the quantum critical
point corresponding to the extrapolation TN → 0 is reached at P = Pc. Here, |Jcf |D(εF)
in the Doniach model can be replaced by the pressure. Surprisingly, superconductivity
and/or non-Fermi liquid character appear around Pc. Correspondingly, the heavy fermion
state is formed as P approaches Pc. Similar pressure-induced superconductivity was also
reported for CeCu2Ge2

4), CeRhIn5
5) and UGe2

6, 7).
In this paper we studied the electronic state near the quantum critical region in

cerium and uranium compounds by measuring the electrical resistivity under high pres-
sures. We also studied the de Haas-van Alphen (dHvA) effect of URu2Si2 under high
pressures, and magnetization of URu2Si2 and UPt3 in high magnetic fields . We will clar-
ify the characteristic electronic states tuned by high pressures and high magnetic fields
in cerium compounds of CeNiGe3, CeNi2Al5 and CeAgSb2 and also uranium compounds
of UTGa5(T: Ni, Pd, Pt), UN, UGa3, URu2Si2 and UPt3.

In Chap. 2, we will give a review including more detail background of this study
and the characteristic properties of the compounds of CeNiGe3, CeNi2Al5, CeAgSb2,
UTGa5(T: Ni, Pd, Pt), UN, UGa3, URu2Si2 and UPt3. In Chap. 3, we will give the
experimental methods of electrical resistivity and dHvA effect under pressure, and also the
pulse-field magnetization. Next, we will present the experimental results in the present
study in Chap. 4. Finally, we will summarize and conclude the present study in Chap. 5.

1



2 Reveiw of Relevant Physics

2.1 General property of the f electron systems

The 4f electrons in the Ce atom are pushed into the interior of the closed 5s and 5p
shells because of the strong centrifugal potential l (l + 1)/r2, where l = 3 holds for the f
electrons. This is a reason why the 4f electrons possess an atomic-like character in the
crystal 8). 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
valence fluctuations, Kondo lattice, heavy fermion, Kondo insulator and unconventional
superconductivity.

The Coulomb repulsive force of the 4f electron at the same atomic site, U , is so
strong, e.g., U ' 5 eV in the Ce compounds (see Fig. 2.1), that occupancy of a same site
by two 4f electrons is usually prohibited.

E E E +U E
fFf

4f 2

4f 0

4f 14f1 cc

DOS

CEF
spin-orbital

Kondo peak

Fig. 2.1 Density of states (DOS) of the 4f electron in the Ce compound (Ce3+).

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 4f level approaches the Fermi level in
energy and the 4f electrons hybridize strongly with the conduction electrons. This 4f -
hybridization coupling constant is denoted by Vcf . When U is strong and Vcf is ignored,
the freedom of the charge in the 4f electron is suppressed, while the freedom of the spin is
retained, representing the 4f -localized state. Naturally, the degree of localization depends
on the level of the 4f electrons Ef , where larger Ef helps to increase the localization.
This situation is applied to most of the lanthanide compounds in which Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction play a predominant role in magnetism 9, 10, 11). 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.

2
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In the RKKY interaction, a localized spin Si interacts with a conduction electron with
spin s, which leads to a spin polarization of the conduction electron. This polarization
interacts with another spin Sj localized on an ion j and therefore creates an indirect
interaction between the spins Si and Sj. This indirect interaction extends to the far
distance and damps with a sinusoidal 2kF oscillation, where kF is half of the caliper
dimension of the Fermi surface. When the number of 4f 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 order. The ordering temperature roughly follows the de Gennes
relation, (gJ − 1)2J(J + 1). Here gJ is the Landé g-factor and J is the total angular
momentum.

2.1.1 Dense Kondo effect

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

The study of Kondo effect began when a low temperature resistance minimum was
found for non-magnetic metals with ppm-order magnetic impurities. Kondo showed the-
oretically that the logarithmic resistivity increase at low temperatures as a result of the
spin-flip scattering of the conduction electrons by the localized magnetic moments of im-
purities 12). In the 3d-based dilute alloys, the magnetic impurity Kondo effects can be
observed only in the case of very low concentration 3d magnetic impurities. This is be-
cause 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 interaction 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 ρ(T ) ∼ − log T dependence in CeAl2 by Buschow et
al. 13), many rare earth compounds, in particular, Ce compounds were found to show
the anomalous behavior similar to the impurity Kondo effect. In these compounds, the
4f 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 system, but at low temperatures it is quite different in behavior. For in-
stance, we show in Fig. 2.2 the temperature dependence of the electrical resistivity in
CexLa1−xCu6

14). 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 concentration
of Ce. In CeCu6 the behavior is, however, very different from the dilute Kondo impurity
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Fig. 2.2 Temperature dependence of the electrical resistivity in CexLa1−xCu6
14).

system. The resistivity increases with decreasing the temperature, forms a maximum
around 15 K and decrease rapidly at lower temperatures to a unitary limit value. This
behavior is in contrast to the dilute system characterized by a resistivity minimum.

The many-body Kondo bound state is now understood as follows: For the simplest
case of no orbital degeneracy, the localized spin S(↑) is coupled antiferromagnetically with
the conduction electrons s(↓). Consequently the singlet state {S(↑) · s(↓) ± S(↓) · s(↑)}
is formed with the binding energy kBTK. 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 electrons around the impurity
moment.

The Kondo temperature in the Ce compounds is large compared to the magnetic
ordering temperature based on the RKKY interaction. For example, the Ce ion is trivalent
(J = 5

2
) and the 4f energy level is split into the three doublets by the crystalline electric

field, namely possessing the splitting energy of ∆1 and ∆2, as shown in Fig. 2.3.
The Kondo temperature is given as follows 15):

T h
K = D exp

(
− 1

3|Jcf |D(EF)

)
when T > ∆1, ∆2, (2.1)

and

TK =
D2

∆1∆2

D exp

(
− 1

|Jcf |D(EF)

)
when T < ∆1, ∆2. (2.2)

Here D, |Jcf | and D(EF) are the band width, exchange energy and the density of
states at the Fermi energy EF, respectively. If we assume TK ' 5 K, for D = 104 K,
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Ce3+

~3000 K

14 fold

8 fold

6 fold

J = 
7
2

J = 
5
2

doublet

doublet

doublet

∆1

∆2

spin-orbit

interaction

crystal field

Fig. 2.3 Level scheme of the 4f electron in Ce3+.

∆1 = 100 K and ∆2 = 200 K, the value of T h
K ' 50 K is obtained, which is compared to

the S = 1
2
-Kondo temperature of 10−3 K defined as T 0

K = D exp(−1/|Jcf |D(EF)). These
large values of the Kondo temperature shown in eqs. (2.1) and (2.2) are due to the orbital
degeneracy of the 4f levels. Therefore, even at low temperatures the Kondo temperature
is not T 0

K but TK shown in eq. (2.2).

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

2.1.2 Heavy fermion system

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 CeCu6, cerium ions are periodically aligned whose ground state cannot
be a scattering state but becomes a coherent Kondo-lattice state.

The effective mass of the conduction electron in the Kondo lattice of CeCu6 is ex-
tremely large, compared with the one of the free electron. It is reflected in the specific
heat coefficient γ and magnetic susceptibility χ(0), which can be expressed as

γ =
2π2kB

2

3
D(EF) (2.3a)

=
kB

2kF

3~2
m∗ (free electron model), (2.3b)
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and

χ(0) = 2µB
2D(EF) (2.4a)

= µB
2 kF

π2~2
m∗ (free electron model), (2.4b)

where kF is Fermi wave number. These parameters are proportional to the effective
mass. The electrical resistivity ρ decreases steeply with decreasing the temperature,
following a Fermi liquid behavior as ρ ∼ AT 2 with a large value of the coefficient A 16).
The

√
A value is proportional to the effective mass of the carrier m∗ and thus inversely

proportional to the Kondo temperature. Correspondingly, the electronic specific heat
coefficient γ roughly follows the simple relation γ ∼ 104/TK (mJ/K2·mol) because the
Kramers doublet of the 4f levels is changed into the γ value in the Ce compound:

R log 2 =

∫ TK

0

C

T
dT, (2.5)

C = γT, (2.6)

thus

γ =
R log 2

TK

=
5.8× 103

TK

(mJ/K2·mol). (2.7)

It reaches 1600 mJ/K2·mol for CeCu6
17) because of a small Kondo temperature of

4–5 K. The conduction electrons possess large effective masses and thus move slowly in
the crystal. Actually in CeRu2Si2 an extremely heavy electron of 120m0 was detected
from the de Haas-van Alphen (dHvA) effect measurements 18, 19). Therefore the Kondo-
lattice system is called a heavy fermion or heavy electron system. The Ce Kondo-lattice
compound with magnetic ordering also possesses the large γ value even if the RKKY
interaction overcomes the Kondo effect at low temperatures. For example, the γ value of
CeB6 is 250 mJ/K2·mol 20), which is roughly one hundred times as large as that of LaB6,
2.6 mJ/K2·mol 21). The heavy fermion state is also realized in the uranium compounds
with 5f electrons.

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

RW ≡
(

π2kB
2

γ

)(
χ(0)

µB
2gJ

2J(J + 1)

)
. (2.8)

This ratio RW is called Wilson-Sommerfeld ratio. Stewart 22) evaluated RW for
the heavy fermion system of cerium and uranium compounds, as shown in Fig. 2.4.
He suggested that in the f electron system RW is not 1 but roughly 2. Kadowaki
and Woods stressed the importance of a universal relationship between A and γ as
shown in Fig. 2.5 23). They noted that the ration A/γ has a common value of 1.0 ×
10−5 µΩ·cm·K2·mol2/mJ2.
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Fig. 2.4 The specific heat coefficient versus
the susceptibility for some heavy
fermion systems. The values are ex-
trapolated to zero by a variety of
methods. Any free, noninteracting
fermion gas would lie on the straight
line 24).

Fig. 2.5 A vs γ in the logarithmic scale 25).

2.1.3 Competition between the RKKY interaction and the Kondo
effect

The Kondo effect can be parameterized by a single energy scale TK. The hierarchy
of ordering temperatures can be qualitatively understood by a competition between the
Kondo screening and the tendency towards magnetic ordering via RKKY-type indirect
exchange mechanism. The magnitude of an indirect RKKY interaction can be character-
ized by the ordering temperature TRKKY as follows:

TRKKY ∝ |Jcf |2D(EF), (2.9)

where

Jcf ' Vcf
2

EF − Ef

. (2.10)
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Actually the intensity of this interaction is also dominated by the de Gennes factor,
and eq. (2.9) is given by the product with coefficient as (gJ−1)2J(J+1). This leads to the
phase diagram for a Kondo lattice, originally derived by Doniach 2, 26) and emphasized
by Brandt and Moshchalkov 27). Figure 2.6 is well known as the Doniach phase diagram.
If |Jcf |D(EF) is small, the compound becomes antiferromagnet with a large magnetic

TN

TK

TRKKY

antiferromagnetism

quantum
critical point

Fermi liquid

Te
m

pe
ra

tu
re

| Jcf | D(EF)
f-localized f-itinerant

Fig. 2.6 Doniach phase diagram 27).

moment, while with increasing |Jcf |D(EF) both the magnetic moment and the ordering
temperature tend to zero. The critical point where TN becomes zero is called a “quantum
critical point”. Above the quantum critical point, Kondo-lattice paramagnets show up
and consequently the f -atom valency becomes unstable, leading to the heavy fermion
system.

The non-Fermi liquid behavior around the quantum critical point is also one of the
recent topics in the f electron system. Here, the heavy fermion system is based on
the Landau’s Fermi liquid. Namely, 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 expressed as ρ = ρ0 + AT 2, C/T = γ and χ = χ(0) at low
temperatures. On the other hand, in the non-Fermi liquid system the following relations
are characterized:

ρ ∼ Tm with m < 2, (2.11)

C/T ∼ − log T. (2.12)

Nearby the quantum critical point, Ce intermetallic compounds with an extraordinary
wide variety of possible ground states are found. These include Kondo-lattice compounds
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with magnetic ordering (CeIn3, CeAl2, CeB6), small-moment antiferromagnets (CePd2Si2,
CeAl3), an anisotropic superconductor (CeCu2Si2), non-mangnetic Kondo-lattice com-
pounds or the heavy fermion compounds (CeCu6, CeRu2Si2) and valence fluctuation
compounds (CeNi, CeRh2, CeRu2, CeSn3).

We note the non-magnetic Ce compounds at low temperatures. In CeCu6 and CeRu2Si2
with a small Kondo temperature, there exist no magnetic ordering but antiferromagnetic
correlations between the Ce sites 28), showing the metamagnetic transition in the mag-
netic field: Hc = 2 T in CeCu6

29) and 8 T in CeRu2Si2
30). The results of dHvA

experiments 31, 32, 19) and the band calculations 33) in CeRu2Si2 show that 4f electrons
are itinerant. Namely the 4f electrons in Ce compounds such as CeSn3 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 34, 35).

CeCu6

2CeRu  Si2

CeSn3

1

1

10

10

100 1000

100

Temperature (K)

χ
 (

1
0

  
em

u
/m

o
l)

-3

CeRu2

2
URu  Si2

2
UPd  Al3

UPt
3

Fig. 2.7 Temperature dependence of the magnetic susceptibility for typical Ce com-
pounds.

We will also pay attention to the non-magnetic Ce compounds to clarify the magnitude
of Kondo temperature reflected in the magnetic susceptibility. Figure 2.7 shows the
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temperature dependence of the magnetic susceptibility in some Ce compounds without
magnetic ordering: CeCu6 (TK = 3–4 K), CeRu2Si2 (20 K), CeNi (150 K) and CeSn3

(200 K). The magnetic susceptibility in these compounds follows the Curie-Weiss law
at higher temperatures, possessing the magnetic moment near Ce3+ of 2.54µB, while
it becomes approximately temperature-independent with decreasing the temperature,
namely showing a broad maximum and then forming enhanced Pauli paramagnetism.
The temperature indicating the peak of the susceptibility Tχmax almost corresponds to
the characteristic temperature TK. The valence of Ce atoms seems to be changed from
Ce3+ into Ce4+ (non-magnetic state) with decreasing the temperature.

2.1.4 Pressure-induced superconductivity

Unconventional superconductivity has been an active area of research for several
decades, ever since the discovery of the first heavy fermion superconductor, CeCu2Si2

36).
Recently, some Ce-based heavy fermion compounds were found to exhibit superconduct-
ing under pressure, such as CeIn3 and CePd2Si2

3) as shown in Figs. 2.8 and 2.9. In these
compounds, superconductivity appears around the quantum critical point (see Fig. 2.6).
The similar pressure-induced superconductivity was also reported for the other Ce-based
compounds such as CeCu2Ge2

4), CeRh2Si2
37, 38) and CeRhIn5

5). In these superconduc-
tivity, the attractive force between quasiparticles are possible to be magnetically medi-
ated, not to be phonon-mediated.

As mention above, pressure-induced superconductivity had been discovered in the an-
tiferromagnetic Ce compounds. Surprisingly, Saxena et al. 6) found the pressure-induced
superconductivity in a ferromagnet UGe2. In this case, superconductivity appears inside
the border of ferromagnetism.

2.1.5 Fermi surface study

Fermi surface studies are very important to know the ground-state properties of the
rare earth compounds 8). As mentioned in Sec. 2.1.3, the ground state of the Ce com-
pounds is mainly determined by the competition between the RKKY interaction and the
Kondo effect (see Fig. 2.6). When TRKKY overcomes TK, the ground state is the magnetic
ordered one and the 4f electrons are regarded as localized. On the other hand, when
TK 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 the 4f electrons alters the Fermi surface through the
4f -electron contribution to the crystal potential and through the introduction of new
Brillouin zone boundaries and magnetic energy gaps which occur when 4f -electron mo-
ments order. The latter effect may be approximated by a band-folding procedure where
the paramagnetic Fermi surface is folded into smaller Brillouin zone based on the magnetic
unit cell, which is larger than the chemical one. If the magnetic energy gaps associated
with the magnetic structure are small enough, conduction electrons undergoing cyclotron
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temperature TN tends to zero. 3).

0

20

40

60

Pressure (GPa) 

Te
m

pe
ra

tu
re

 (
K

) 

TC UGe2

10 TSC 

Ferromagnetism

Superconductivity

0 1 2

Fig. 2.10 Temperature-pressure phase diagram of UGe2. Tc denotes the Curie tempera-
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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 may be observed in the dHvA effect even
in the presence of magnetic order.

For cerium Kondo compounds with magnetic ordering such as CeB6, 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 to those of La compounds. In this system a small amount of the 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 mass.

In some Ce compounds such as CeCu6, CeRu2Si2, CeNi and CeSn3, the magnetic
susceptibility follows the Curie-Weiss law with a moment of Ce3+, 2.54µB/Ce, has a
maximum at a characteristic temperature Tχmax, and becomes constant at lower temper-
atures (see Fig. 2.7). This characteristic temperature Tχmax corresponds to the Kondo
temperature TK, as mentioned in Sec. 2.1.3. A characteristic peak in the susceptibility
is a crossover from the localized-4f electron to the itinerant one. The Fermi surface is
thus highly different from that of the corresponding La compound. The cyclotron mass
is also extremely large, reflecting a large γ-value of γ ' 104/TK (mJ/K2·mol).

2.1.6 General property of uranium compounds

The 5f electron system, including U compounds, are particularly interesting in the
sense that they bridge the gap between the 3d and the 4f electron systems. The 5f
electrons in the U atom have a character between the 3d and 4f electrons, located slightly
inside the closed 6s and 6p shells. Therefore, they may possess both band-like and atomic-
like characters, even in the crystal. The properties of some U compounds thus have been
understood on the basis of the 5f band model, similar to the 3d transition metals and their
intermetallic compounds. The dHvA effect was measured in some of these U compounds.
The fully-relativistic spin-polarized 5f -itinerant band model can explain the observed
dHvA results very well. Namely, the 5f electrons in the magnetically ordered uranium
compounds are itinerant and also contribute to the magnetic moment at the uranium
site.

The discovery of heavy fermions in rare earth compounds encouraged the research
heavy fermion systems are found in the U compounds too. In particular, UPt3, UBe13,
URu2Si2, UPd2Al3 and UNi2Al3 show unconventional superconductivity with magnetic
ordering. Coexitence of superconductivity and magnetism accelerated, furthermore, the
study of heavy fermions in the U compounds, and thus Fermi surface studies are interest-
ing and very important. Such studies have actually been done in some of these meterials
and they offer interesting information. We summarize the characteristic features in the
U compounds, which are compared to those in the Pr compounds with the 4f 2 configu-
ration: (1) The magnetic ordering temperature is in a wide temperature range from close
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to 0 to 300 K, which is compared to 0-20 K in the Pr compounds. (2) The magnetic
moment is also in a wide range from close to 0 (0.02 µB/U) to 3 µB/U, which is compared
to about 1 - 2 µB/Pr.
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2.2 Review of Ce compounds

2.2.1 CeNiGe3

Two crystal structures had been proposed for CeNiGe3: the cubic Yb3Rh4Sn13-type
structure 39) and the orthorhombic SmNiGe3-type structure 40). Antiferromagnetism
below TN = 4.2 K was anticipated from the electrical resistivity data and the crystal
structure was analysed as the cubic one 39). On the other hand, in the orthorhombic
derivative antiferromagnetic ordering was reported to set in at TN = 7.6 K from the
magnetic susceptibility 41). Finally, Durivault et al. revealed that CeNiGe3 has the or-
thorhombic SmNiGe3-type structure (space group: Cmmm) from the neutron diffraction
experiment 42). The thermal dependence of magnetization data shows a maximum at
5.5 K, indicating an antiferromagnetic order at TN=5.5 K. This value is different from
the previus ordering temperatures. They clarified from the neutron diffraction data two
propergation vectors; k1 = (1 0 0) and k2 = (0 0.409 1/2). The two propagation vec-
tors showed distinct ordering temperatures, TN1 = 5.9 K and TN2 = 5.0 K, respectively,
as shown in Fig. 2.12. The k1 is associated with a commensurate collinear antiferro-
magnetic structure. As shown in Fig. 2.13 (a), this magnetic sturacture is described by
ferromagnetic trigonal prisms, an antiferromagnetic arrangement. On the other hand,
the incommensurate k2 indicates the helicoidal structure in the ab-plane.

Figures 2.14 and 2.15 shows the temperature dependence of electrical resistivity
in CeNiGe3

43, 44). The antiferromagnetic ordering shows a sudden drop in ρ below
TN = 5.5 K. In the paramagnetic region the ρ(T ) curve reveals characteristic features
of interplay of Kondo and crystal-field interactions. A pronounced rise of the resistivity
from 10 K to 100 K is followed by a weak nearly linear increase of the resistivity at higher
temperatures.

Ce

Ni

Ge

a

b

c

Fig. 2.11 Crystal structure of CeNiGe3. Arrows indicate the magnetic moments corre-
ponding the propagation vector k1 = (1 0 0).
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Fig. 2.12 Temperature dependence of the intensity of two magnetic reflections in
CeNiGe3

42).

2.2.2 CeNi2Al5

CeNi2Al5 has the body-centerd orthorhombic PrNi2Al5-type structure (space group:
Immm), as shown in Fig. 2.16 45, 46).

The temperature dependence of the resistivity shows both the -log T dependence from
4 K to 30 K and a broad maximum reflecting the formation of the Kondo lattice around 4
K(see Fig. 2.17). The abrupt drop of the resistivity(Fig. 2.17), the magnetic susceptibil-
ity(Fig. 2.18) and the specific heat(Fig. 2.19) exibit an antiferromagnetic ordering below
TN = 2.6 K.

Figures 2.18 and 2.20 show the temperature dependence of magnetic susceptibilities
and reciprocal susceptibilities in CeNi2Al5

47). The observed large magnetic anisotropy
indicates the strong CEF effect, reflecting the orthorhombic structure. The magnetiza-
tion curve also shows the magnetic anisotropy, as shown in Fig. 2.21. The fitting CEF
parameters lead to splittings around 200 K for the first excited state and around 600 K
for the total splitting 47, 48).

The magnetic structure below TN is the modulated structure with a complex prop-
agation vector k = (0.500, 0.405, 0.083) 47, 49, 48). Neutron scattering experiments 50)

has determined the direction of actual magnetic moment, which is somewhat tilted to-
wards the a-axis. The modulated structure has been kept down to 400 mK, as shown in
Figs. 2.22 and 2.23.
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Fig. 2.13 Projection onto the (001)-plane of the magnetic structures of a CeNiGe3. Ce,
Ge and Ni: large black, medium grey and small white circles respectively. (a) commen-
surate part (two possibilities). (b) incommensurate helicoidal part 42).
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Fig. 2.14 Temperature dependence of the reduced electrical resistivity of CeNiGe3 (inset
for ≤ 20K) 42).

2.2.3 CeAgSb2

CeAgSb2 or more generally RTX2(R:rare earth, T:transition metal) and UTX2, as
discussed by Kaczorowski et al. 52), crystallize in the tetragonal structure (space group
P4/nmm) 53, 54), which can be described as a filled UX2 in UTX2: planes of transition
metal atoms intercalate into the unit cell of the respective binary uranium dipnictide.
The crystal structure of CeAgSb2 can also be understood from the stacking arrangement
of CeSb-Ag-CeSb-Sb layers 53).

The neutron scattering experiment on a polycrystal of CeAgSb2 done by André et
al.55) indicated that the magnetic moment is simply oriented along the [001] direction
(c-axis), with a Curie temperature Tc = 9.6K and a magnetic moment µs =0.33µB/Ce.
However, the magnetization curve is quite anomalous 54), as shown in Fig. 2.25. The
magnetization for the field along [001] indicates a typical ferromagnetic magnetization
curve with µs =0.37µB/Ce, while the magnetization for the field perpendicular to [001]
increases almost linearly up to 30 kOe and saturates at higher fields, reaching 1.1µB/Ce.
This corresponds to a metamagnetic transition in an antiferromagnet. These magnetiza-
tion curves cannot be understood from the simple ferromagnetic structure proposed by
the neutron scattering experiment.

This compound is also interesting with respect to a quasi-two dimensionality. The
dHvA experiments on CeAgSb2 as well as on reference compounds YAgSb2 and LaAgSb2

were reported by Myers et al. 56). A small Fermi surface was observed for CeAgSb2. On
the other hand, the Fermi surface in YAgSb2 and LaAgSb2 was found to consist of a
cylindrical Fermi surface and two or three kinds of closed (ellipsoidal) ones. The reason
why main Fermi surfaces were not observed in CeAgSb2 was mainly due to the fact that
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Fig. 2.15 (a)Temperature dependence of electrical resistivity of CeNiGe3 and a non-4f
reference compound YNiGe3, and (b)the magnetic resistivity of CeNiGe3

44).
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Fig. 2.16 (a)Crystal structure of CeNi2Al5. (b)Crystal structure from view of c-axis.
Circles shown by dashed lines denote the atoms on the plane at z = 1/2.

Fig. 2.17 Temperature dependence of electrical resistivity of CeNi2Al5
51).
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Fig. 2.18 Temperature dependence of reciprocal magnetic susceptibility of CeNi2Al5
47).

Fig. 2.19 Temperature dependence of specific heat and entropy (inset) of CeNi2Al5
51).



2.2. REVIEW OF CE COMPOUNDS 21

Fig. 2.20 Temperature dependence of magnetic susceptibility of CeNi2Al5
47).

Fig. 2.21 Magnetization curves of CeNi2Al5 at 1.4 K 47).
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Fig. 2.22 Magnetic structure of CeNi2Al5
50). (a)The crystallographic unit cell and

(b)propagation in the ab-plane.
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Fig. 2.23 Propagation along the c-direction 50).
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the measurement was carried out at a high temperature of 2.1 K and the specific heat
coefficient γ is reported to be 75mJ/K2·mol for the polycrystalline sample of CeAgSb2

57),
which is larger than that of LaAgSb2 (γ = 2.62mJ/K2·mol) 58).

Fig. 2.24 Crystal structure of CeAgSb2
53).

Fig. 2.25 Magnetization curve of CeAgSb2
54).
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2.3 Review of U compounds

2.3.1 UTGa5(T:Ni, Pd, Pt)

UTGa5 (T:Ni, Pd, Pt) has the HoCoGa5-type tetragonal structure with space group
P4/mmm as shown in Fig. 2.26. This crystal structure shows a clear two-dimensional
nature. One unit of a uniaxially distorted UGa3 layer with the AuCu3-type structure
and a transition metal layer stack sequentially along the [001] direction. UTGa5 (T:
Ni, Pd, Pt) orders antiferromagnetically, while the other compounds UTGa5 (T:Fe, Co)
exhibit Pauli-paramagnetic behavior. UNiGa5, UPdGa5 and UPtGa5 were reported to
have an antiferromagnetic ordering at 86 K, 30 K and 26 K, respectively. Above the Néel
temperature, the temperature dependence of the magnetic susceptibility is very weak.
This weak temperature dependence in susceptibility is very similar to that of UGa3,
which is a typical 5f -itinerant antiferromagnet based on the U-5f band.

From the neutron diffraction study, their magnetic structures have revealed 59). UNiGa5

has the Néel-type magnetic structure with a magnetic moment of 0.9 µB/U, while UPtGa5

has an antiferromagnetic sequence along the [001] direction, with a magnetic moment of
0.24 µB/U as shown in Fig. 2.27.

U

Ga

T

(=Ni, Pd, Pt)

[001]

[100]

Fig. 2.26 Crystal structure of UTGa5(T=Ni, Pt, Pd).

In UNiGa5, the Néel temperature TN = 85.5 K is relatively high. The electronic
specific heat coefficient γ is 50 mJ/K2·mol.

UPdGa5 orders antiferromagnetically below TN = 30 K. The electronic specific heat
coefficient γ is reported as 40 mJ/K2mol. The magnetic struture is the same as that of
UPtGa5, as shown next. The magnetic moment is 0.33 µB/U 60).

UPtGa5 with the tetragonal structure orders antiferromagnetically below TN = 26 K.
From neutron diffraction experiments, magnetic moments of uranium ions are found to



2.3. REVIEW OF U COMPOUNDS 25

In
te

n
si

ty
 (

ar
b
.u

n
it

s)

(1,1,7/2) (1,1,5/2) (2,2,1/2) (1,1,3/2) (1,1,1/2)

UPtGa5

7 K

(0,0,1/2)

In
te

n
si

ty
 (

ar
b
.u

n
it

)
(1/2,1/2,7/2)

(1/2,1/2,5/2)

(3/2,3/2,5/2)

(1/2,1/2,3/2)

(3/2,3/2,3/2)

(3/2,3/2,1/2)

(1/2,1/2,1/2)

UNiGa5

10K

(a)

(b)

Fig. 2.27 Magnetic structures of UTGa5(T=Ni, Pt) 59).

be aligned ferromagnetically in the (001) plane, directed along the [001] direction 59). An
ordered moment is 0.24 µB/U and the electronic specific heat coefficient γ is reported
as 57 mJ/K2mol. Tokiwa et al. discussed about the magnetic structure in UNiGa5

and UPtGa5 from a viewpoint that the orbital contribution of 5f electrons would be
essentioally important in the magnetic structure 59).

From dHvA experiments, the Fermi surface of UNiGa5 is found to consists of one
cylindrical Fermi surfaces and two ellipsoidal Fermi surfaces, as shown in Figs. 2.28 and
2.29 61). UPtGa5 consists of four kinds of cylindrical Fermi surfaces, as shown in Figs. 2.30
and 2.31 62). Namely, the topology of the Fermi surface are found to be quasi-two dimen-
sional in UNiGa5 and UPtGa5, reflecting the tetragonal structure.
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Fig. 2.29 (a) Brillouin zone and (b) simplified Fermi surfaces of UNiGa5
61).
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Fig. 2.31 Fermi surfaces for branches (a) γ,(b) ε, (c) α3, (d) α1(α2) in UPtGa5
63).
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2.3.2 UN

UN with the cubic NaCl-type structure orders antiferromagnetically below TN = 53
K 64). Its antiferromagnetic structure 64) is the type-I structure as shown in Fig. 2.32. The
orderd moment and effective moment is 0.75 µB/U 64) and 3.1 µB/U, respectively. Its U-U
distance is the smallest in uranium pnictides and is in the critical region for an appearence
of magnetism on a Hill plot. UN is thus considerd to be situated in an crossover between a
itinarant and localized electron magnetism. Figure 2.33 shows a temperature dependence
of electrical resistivity 65). There is a hump at 52 K coresponding to TN.

The susceptibility and neutron diffraction of UN under pressure were measured by
Fournier et al 66, 67). As shown in Fig. 2.34, TN decreases with increasing pressure. More-
over, an ordered moment µs and the Néel temperature TN decrease similarly as a function
of pressure, as shown in Fig. 2.35. From this experimental result, they concluded that
UN is a band antiferromagnet.

N

U

Fig. 2.32 Magnetic structure of UN.

Fig. 2.33 Temperature dependence of electrical resistivity in UN 65).
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Fig. 2.34 Pressure dependence of TN in UN 66).

Fig. 2.35 Pressure dependence of the ordered moment in UN 67).
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2.3.3 UGa3

UGa3 was once studied from a viewpoint of the 5f -itinerant antiferromagnetism
68, 69, 70, 71). Its Néel temperature TN = 67K is relatively high. Characteristic proper-
ties are a small ordered moment of 0.75 or 0.95 µs/U and a relatively large electronic
specific heat coefficient γ = 50mJ/K2·mol. Furthermore, the magnetic susceptibility
in the paramagnetic region does not follow the Curie-Weiss law, being dominated by a
Pauli-like contribution. From the magnetoresistance experiment, UGa3 is found to be
a compensated metal with equal carrier numbers of electrons and holes. The carriers
with relatively larger cyclotron masses of 2.3 - 9.4 m0 are detected in the recent dHvA
experiment 72).

2.3.4 URu2Si2

The heavy-fermion compound URu2Si2 exhibits two successive transitions at Tc = 1.4
and T0 = 17.5 K. The former is the superconducting transition temperature. On the other
hand, the latter has still remained unidentified, although several characteristic features are
associated with this phase transition. The energy gap was found to open over part of the
Fermi surface, which is reflected by a term of exp(−∆/kBT ) for the specific heat, electrical
resistively and nuclear spin-lattice relaxation rate below T0. The neutron diffraction study
also indicated the development of a simple type-I antiferromagnetic order with a tiny 5f -
magnetic moment of 0.03 µB along the tetragonal [001] direction below T0

73), as shown
in Fig. 2.36. This tiny moment is compared to the effective magnetic moment µeff =

[100]

[001]
URu2Si2

Fig. 2.36 Antiferromagnetic structure in URu2Si2.
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3.51 µB /U obtained from the magnetic susceptibility data above 150 K, which is close
to the 5f -localized one: 3.58 µB/U for 5f 2(U4+) or 3.62 µB/U for 5f 3(U3+).

From the dHvA effect of URu2Si2, Ohkuni et al. studied the Fermi surface property 74).
Figures 2.37 and 2.38 show the experimental and theoritical angular dependence of the
dHvA frequency, respectively. The theoritical data are based on the Fermi surfaces in
Figs. 2.39 and 2.40. The dHvA branches named α, β and γ most likely correspond to
bands 17-hole, 19-electron centered at X and 20-electron, respectively.

One of the characteristic phenomena in URu2Si2 is a metamagnetic transition, as
shown in Fig.??. The sharp metamagnetic transition with three-steps is observed75).

Recent neutron scattering and NMR experiments under pressure shed a new insight
to this phase transition. It was clarified from the neutron scattering experiment that the
magnetic moment increases linearly as a function of pressure, saturates in the pressure
region from 1.0 to 1.5 GPa, with a moment of 0.25µB, and jumps to 0.4µB, indicating
a sharp phase transition at Pc = 1.5 GPa 76), as shown in Fig. 2.42. Furthermore,
the result of NMR experiment indicated that there exist distinct antiferromagnetic and
paramagnetic regions, and with increasing pressure the antiferromagnetic region increases
in space, reaching 100% of the antiferromagnetic volume fraction at 1.0 GPa 77), as shown
in Fig. 2.43.

In the thermal expansion experiment under pressure, an additional anomaly is ob-
served below T0

78). They plotted this anomaly in the temperatuer-pressure phase dia-
gram, as shown in Fig. 2.44.

Very recently Chandra et al. represented a new theoretical model for the unknown
order parameter to explain the pressure-induced antiferromagnetism. They proposed
incommensurate orbital antiferromagnetism associated with circulating currents between
the uranium ions 79, 80).

2.3.5 UPt3

Figure 2.41 also shows the metamagnetic transition in UPt3. UPt3 is the most in-
tensively studied heavy fermion superconductor. Superconductivity coexists with anti-
ferromagnetic ordering, as shown in Fig. 2.45. This ordering, which occurs below TN =
5 K, plays an important role in breaking the degeneracy of the multiple superconducting
phases, which results in the existence of three well-known phases called A, B and C. It
has recently been reported that UPt3 is of odd-parity symmetry as determined by an
NMR-Knight shift experiment 83, 84). This antiferromagnetic ordering is, however, quite
unusual. The staggered moment in Fig. 2.45, which is oriented along the [1̄100] or [11̄00]
direction in the hexagonal structure, is extremely small, 0.02 µB/U 85), although the effec-
tive moment in the Curie-Weiss law is 3.0 µB/U at high temperatures 86). The magnetic
Bragg peak intensity increases almost linearly when the temperature decreases below 5 K,
and the magnetic correlation length remains finite down to 100 mK; it is in the range
300-700 Å 87). On the other hand, no trace of magnetic ordering has been reported by
slow and/or thermodynamic probes such as the magnetic susceptibility, specific heat and
NMR experiments. These results indicate that the antiferromagnetic ordering in UPt3 is
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Fig. 2.39 Fermi surfaces in the paramagnetic state of URu2Si2
74).

Fig. 2.40 Coss-section of the paramagnetic Fermi surface in the antiferromagnetic Bril-
louin zone in URu2Si2

74).
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3 Experimental

3.1 Pressure

3.1.1 High-pressure technique

(a) Piston cyllinder cell

The electrical resistivity and the dHvA experiments under pressure were performed
with a conventional Be-Cu, piston-cylinder clamping type pressure cell as shown in
Fig. 3.1. Most part of the pressure cell is made of Be-Cu and piston is made of tungsten
carbide (WC). Electrical leads were introduced into the sample region through a hole
(0.6 mmφ) of an obturator. Then, the hole was sealed by Stycast 2850FT epoxy. The
anti-extrusion ring are used to prevent extrusion of Teflon into the clearance between
piston or obturator, and cylinder under pressure.

We used a 1:1 mixture of Daphne7373 and kerosine as a pressure transmitting medium.

Clamping Nut

Piston

Teflon Cell

Backup Ring

Backup Ring
Obturator

Pick Up Coil

Clamping Nut

Fig. 3.1 Cross-sectional view of the pressure cell.

37
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(b) Cubic anvil cell

As mentioned above, the piston cylinder cell is a usefull method up to around 2-3 GPa.
To obtain higer pressure, we used a cubic-anvil device which has been developed by Môri
et al. for precise electrical measurements at low temperatures in Institute for Solid State
Physics, University of Tokyo (ISSP). The cubic anvils made of tungsten carbides having
4 mm on edge of square face press the sample from 6 directions as shown in Fig. 3.2. In
Fig. 3.3 is shown the internal configuration of a gasket with a teflon cell in which the
sample is immersed in fluid. The electrical resistivity of sample was measured by means
of a four-terminal method. As electrical leads, gold wires of 20 micron in diam. were
used with silver paint contact on the surface of the specimen and connected to thin gold
ribbons attached to back up blocks, as shown in Fig. 3.3. As a pressure transmitting
fluid, we used a mixture of fluorinert No. FC70 and No. FC77.

The cubic anvil dies were placed between the end of a pair of pressure transmitting
columns consisting of fiber-reinforced plastic (FRP) disks as shown in Fig. 3.4. The whole
specimen is cooled by liquid N2 and liquid He down to 4.2 K. To vacuum liquid He was
cooled down to around 2 K. During the cooling of the cell, the pressure changes due to the
thermal contractions and stiffening of the various parts of the cell, compressing medium
and sample. The pressure keeps constant to temperature change. The pressure was de-
termined from the measurements of the resistivity change of bismuth associated with the
phase transitions, Bi I-II (2.55 GPa), II-III(2.7 GPa) and IIÍ-V(7.7 GPa) at room tem-
perature. Pressure was also determined at low temperatures from the superconducting
transition temperature Tc of lead with the pressure coefficient of dTc/dP = −3.81× 10−1

K/GPa up to 2.5 GPa. Above 2.5 GPa the pressure was estimated from a pressure-load
caliblation curve at room temperature.

Fig. 3.2 Cubic anvil device: top(a) and side(b) views.
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Fig. 3.3 Cross-sectional view of internal configuration of gasket with teflon capsule.

Fig. 3.4 Cross-sectional view of high pressure cryostat.
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(c) Bridgman anvil

Figure 3.5 shows the cross-section view of the lower part of the apparatus, consisting
of three parts: the pistons driven by a hydraulic press, the modified-Bridgman anvils
made of tungsten carbide, in which pressure is produced by the advance of the piston,
and the holder made of Cu-Be.

The force applied to the piston is controlled by a hydraulic press in order to keep the
load constant during the measurement in the cooling and warming processes. Therefore,
pressure remains almost constant in a wide range of temperature, as shown in the results
described below.

Figure 3.6 shows the top and side views of the sample assembly, illustrating the
configration for the Hall-effect measurement. A sample with a typical size of about 0.6
0.4 0.2 mm3 is set up in a Teflon cell of 1.8 mm in height with inner and outer diameters
of 1.0 and 1.5 mm, respectively. The Teflon cell is filled with a 1 : 1 mixture of Fluorinert
FC70 and FC77 as a pressure transmitting medium. Au wires of 20µmφ, attached to the
sample, are connected to each part of a four divided stainless-steel disk with 0.15 mm in
thickness, and to the upper anvil by Au foils 10 µm thick. In order to ensure electrical
insulation, the surfaces of the stainless steels and the anvils are coated with epoxy resin.
Stycast is also used between the parts of a divided stainless-steel disk.

Fig. 3.5 Cross-section view of the lower part of the apparatus 88).
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Fig. 3.6 Top and side views of the sample assembly with a five-probe configuration 88).

(d) Indenter cell

Indenter cell has been developed by Kobayashi et al. Figure 3.7 show the indenter
cell. The sample is set on the WC piston, as shown in Fig. 3.8. The piston indented in
the holl made of NiCrAl or MP35N, and the pressure is hold by the clamp nut. When
pressure is applied, high pressure up to about 4 GPa is realized by piston and gusket, as
shown in Fig. 3.7. We used Daphne7373 oil as a pressure transmitting medium.
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Fig. 3.7 Cross-sectional view of indenter cell.

stycast

lead(Cu)

Pb

silver paste

1.8 mm

sample

Fig. 3.8 Top view of the sample setting on the lower piston.
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3.2 de Haas-van Alphen effect

3.2.1 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 levels89). Therefore various physical qualities shows a periodic variation
with H−1 since increasing the field strength H causes a sharp change in the free energy
of the electron system when Landaus level cross 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∗

c and the scattering lifetime τ
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 Mosc due
to the conduction electrons was given by Lifshitz and Kosevich as follows:

Mosc =
∑

r

∑
i

(−1)r

r3/2
Ai sin

(
2πrFi

H
+ βi

)
, (3.1a)

Ai ∝ FH1/2

∣∣∣∣
∂2Si

∂kH
2

∣∣∣∣
−1/2

RTRDRS, (3.1b)

RT =
αrm∗

ciT/H

sinh(αrm∗
ciT/H)

, (3.1c)

RD = exp(−αrm∗
ciTD/H), (3.1d)

RS = cos(πgirm
∗
ci/2m0), (3.1e)

α =
2π2kB

e~
. (3.1f)

Here the magnetization is periodic on 1/H and has a dHvA frequency Fi

Fi =
~

2πe
Si

= 1.05× 10−12 [T · cm2] · Si,
(3.2)

which is directly proportional to the i-th extremal (maximum or minimum) cross-sectional
area Si (i = 1, . . . , n). The extremal area means a gray plane in Figure 3.9, where there
is one extremal area in a spherical Fermi surface. The factor RT in the amplitude Ai is
related to the thermal damping at a finite temperature T . The factor RD is also related
to the Landau level broadening kBTD. Here TD is due to both the lifetime broadening
and inhomogeneous broadening caused by impurities, crystalline imperfections or strains.
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Fermi surface

dHvA frequency

H

1/H 1/H

H

(a) (b)

Fig. 3.9 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 TD is called the Dingle temperature and is given by

TD =
~

2πkB

τ−1

= 1.22× 10−12 [K · sec] · τ−1.

(3.3)

The factor RS is called the spin factor and related to the difference of phase between the
Landau levels due to the Zeeman split. When gi = 2 (a free electron value) and m∗

c =
0.5m0, this term becomes zero for r = 1. The fundamental oscillation vanishes for all
values of the field. This is called the zero spin splitting situation in which the up and down
spin contributions to the oscillation cancelled out, and this can be useful for determining
the value of gi. Note that in this second harmonics for r = 2 the dHvA oscillation should
show a full amplitude. The quantity |∂2S/∂kH

2|−1/2 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 ~ωc must be larger than the thermal broad-
ening width kBT : ~ωc ¿ kBT (high fields, low temperatures).

2) At least one cyclotron motion must be performed during the scattering, namely
ωcτ/2π > 1 (high quality samples). In reality, however, it can be observed even if
a cyclotron motion is about ten percent of one cycle.
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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).

3.2.2 Shape of the Fermi surface

The angular dependence of dHvA frequencies gives very important information about
a shape of the Fermi surface. As a value of Fermi surface corresponds to a carrier 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 Figure 3.10. In a spherical Fermi surface, the dHvA frequency is constant for any field
direction. On the other hand, in a ellipsoidal Fermi surface such as in Figure 3.10(b),
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.
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Fig. 3.10 Angular dependence of the dHvA frequency in three typical Fermi surfaces
(a) sphere, (b) cylinder and (c) ellipsoid.
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3.2.3 Cyclotron effective mass

We can determine the cyclotron effective mass m∗
c i from the measuring a temperature

dependence of a dHvA amplitude. Equation (3.1c) is transformed into

log

{
Ai

[
1− exp

(−2αm∗
ciT

H

)]
/T

}
=
−αm∗

c i

H
T + const. (3.4)

Therefore, from the slope of a plot of log{Ai[1 − exp(−2λm∗
c iT/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 γ. Using a density of states D(EF), γ is written as

γ =
π2

3
kB

2D(EF). (3.5)

In the spherical Fermi surface, using EF = ~2kF
2/2m∗

c takes

γ =
π2

3
kB

2 V

2π2

(
2m∗

c

~2

)3/2

EF
1/2

=
kB

2V

3~2
m∗

ckF,

(3.6)

where V is molar volume and kF = (SF/π)1/2. We obtain from eq. (3.2)

γ =
kB

2m0

3~2

(
2e

~

)1/2

V
m∗

c

m0

F 1/2

= 2.87× 10−4 [(mJ/K2 ·mol)(mol/cm3)T−1/2] · V m∗
c

m0

F 1/2.

(3.7)

In the case of the cylindrical Fermi surface,

γ =
π2

3
kB

2 V

2π2~2
m∗

ckz

=
kB

2V

6~2
m∗

ckz,

(3.8)

where the Fermi wave number kz 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.

3.2.4 Dingle temperature

We can determine the Dingle temperature TD from measuring a field dependence of
a dHvA amplitude. Equations (3.1b)-(3.1d) yield

log

{
AiH

1/2

[
1− exp

(−2λm∗
c iT

H

)]}
= −λm∗

c i(T + TD)
1

H
+ const. (3.9)
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From the slope of a plot of log{AiH
1/2[1 − exp(−2λm∗

c iT/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 l or the scattering life time τ from the Dingle
temperature. The relation between an effective mass and life time takes the form

~kF = m∗vF, (3.10)

l = vFτ. (3.11)

Then eq. (3.3) is transformed into

l =
~2kF

2πkBm∗
cTD

. (3.12)

When the extremal area can be regarded as a circle approximately, using the eq. (3.2),
the mean free path is expressed as

l =
~2

2πkBm0

(
2e

~c

)1/2

F 1/2

(
m∗

c

m0

)−1

TD
−1

= 77.6 [Å · T−1/2 ·K] · F 1/2

(
m∗

c

m0

)−1

TD
−1.

(3.13)

3.2.5 Field modulation method

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 in the
present study.

A small ac-field h0 cos ωt is varied on an external field H0 (H0 À h0) 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 Figure 3.11. An induced
emf V will be proportional to dM/dt:

V = c
dM

dt

= c
dM

dH

dH

dt

= −ch0ω sin ωt
∞∑

k=1

hk
0

2k−1(k − 1)!

(
dkM

dHk

)

H0

sin kωt,

(3.14)

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 sin kωt are neglected. Calculating the
dkM/dHk it becomes

V = −cωA

∞∑

k=1

1

2k−1(k − 1)!

(
2πh0

∆H

)k

sin

(
2πF

H
+ β − kπ

2

)
sin kωt. (3.15)
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Fig. 3.11 Detecting coil and the sample location.

Here, ∆H = H2/F . Considering h0
2 ¿ H0

2 the time dependence of magnetization M(t)
is given by

M(t) = A

[
J0(λ) sin

(
2πF

H0

+ β

)
+ 2

∞∑

k=1

kJk(λ) cos kωt sin

(
2πF

H0

+ β − kπ

2

)]
, (3.16)

where

λ =
2πFh0

H0
2 . (3.17)

Here, Jk is k-th Bessel function. Figure 3.12 shows the Bessel function of the first kind

-0.5

0

0.5

J k 
(λ

)

151050
λ

k = 1
2 3 4

Fig. 3.12 Bessel function Jk(λ) of the first kind.
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Fig. 3.13 Block diagram for the dHvA measurement.

for the various order k. Finally we can obtain the output emf as follows:

V = c

(
dM

dt

)
= −2cωA

∞∑

k=1

kJk(λ) sin

(
2πF

H0

+ β − kπ

2

)
sin kωt. (3.18)

The signal was detected at the second harmonic of the modulation frequency 2ω using
a Lock-in Amplifier, since this condition may cut off the offset magnetization and then
detect the component of the quantum oscillation only. We usually choose the modulation
field h0 to make the value of J2(λ) maximum, namely λ = 3.1. We used a modulation
frequency of 3.5 Hz for dilution refrigerator. Figure 3.13 shows a block diagram for the
dHvA measurement in the present study.
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3.3 Magnetization in High Magnetic Field

We measured the high field magnetization in at High-field laboratory, Research center
for extreme materials, Osaka University (KYOKUGEN).

Figure 3.14 shows the block diagram of magnetization measurement. At first, the
huge condencer bank is electrically charged. When we turn on the switch of circuit, the
charge flow through the magnet coil and generate high magnetic field in the coil. The
long-pulse magnet that we used for this research can generate the magnetic field up to
47 T. The pulse width is 10 msec.

We used the uniaxial coil in order to compensate a background flux change due to a
transient fielde, as shown in Fig. 3.14. The turn number of outer coil B is half of A, and
B is twice the area of A. Ideally, we can compensete perfectly by A and B coil. However
this scenario 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 bridgh balance circuit connected with a compensation coil-C.

Digital 
Recorder

Computer

X-Y 
Recorder

Capacitor 
Bank

Pulse 
Generator

Magnet

Sample

Dewar

Motor

Pick up coilField-pick-up coil

Fig. 3.14 Block diagram of measurement of magnetization with a pulse field magnet.
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4 Experimental Results and Analyses

4.1 Cerium Compounds

4.1.1 CeNiGe3

Prior to the present pressure experiment, pressure was applied to CeNiGe3 by the
indenter cell up to 4.46 GPa by Tabata et al. Figures 4.1 and 4.2 show the temperature
dependence of the electrical resistivity under pressures up to 4.46 GPa. The electrical
resistivity at ambient pressure has a broad hump around 100 K and also a broad peak
around 8 K, and decreases steeply below TN = 5.5 K, which are the same as the previous
data by Pikul et al. 44). These are characteristic features in the cerium Kondo compound
with antiferromagnetic ordering. As mentioned in Chap.2, there are two characteristic
Kondo temperatures T h

K and TK in cerium Kondo compounds. For CeNiGe3, T h
K most

likely corresponds to the temperature of 100 K showing the hump, which is named here
Tρmax1 = 100 K, and shown by an arrow in Fig. 4.2. TK roughly corresponds to 8
K, although CeNiGe3 orders antiferromagnetically below TN = 5.5 K. We define the
temperature showing the broad resistivity peak as Tρmax2 = 8 K, as shown by an arrow
in Fig. 4.2.

With increasing pressure, the electrical resistivity increases in magnitude, and Tρmax1

shifts to lower temperatures, while Tρmax2 increases with increasing pressure, as shown in
Fig. 4.2. It is, however, difficult to define Tρmax2 above 1 GPa. On the other hand, the
Néel temperature increases from TN = 5.5 K at ambient pressure to 8.5 K at 3.03 GPa,
as shown by an arrow in Fig. 4.3, but decreases with further increasing pressure. These
results are plotted in Fig. 4.4, showing the pressure dependence of TN in CeNiGe3.

To investigate the property at higher pressures, we used the cubic anvil cell up to 8
GPa. Figure 4.5 shows the temperature dependence of ρ under pressure. We show in
Fig. 4.6 the logarithmic scale of temperature dependence of the electrical resistivity to
clarify the behavior of resistivity at higher pressures. The resistivity data at different
pressures are arbitrarily shifted downwards for simplicity. The two characteristic fea-
tures at Tρmax1 and Tρmax2 are found to merge at 5 GPa into a single resistivity peak at
Tρmax = 50 K. This single resistivity peak at 5 GPa shifts to higher temperatures with
further increasing pressure: Tρmax = 153 K at 8.0 GPa. TN decreases with increasing
pressure and seems to disappear above 5.5 GPa, as shown by arrows in Fig. 4.7. The
overall temperature dependence of the electrical resistivity around 5-6 GPa is very similar
to that in a heavy fermion superconductor CeCu2Si2

90). On the other hand, the elec-
trical resistivity at 8.0 GPa is typically similar to that observed in a valence fluctuating
compound such as CeNi, where the 4f electron is itinerant 91).

Figure 4.8(a) shows the pressure dependence of the Néel temperature TN
92). The

data shown by triangles and circles were obtained by using the indenter and cubic anvil
cells, respectively. Solid lines connecting the data are guidelines. As mentioned above,
the Néel temperature attains a maximum at 3 GPa, decreases rather steeply at higher
pressures and becomes zero at Pc ' 5.5 GPa. The two characteristic tempratuers Tρmax1

52
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and Tρmax2 merge into a single characteristic temperature Tρmax above 5 GPa, as shown
in Fig. 4.8(b).

Here we tried to obtain the A and ρ0 values from the T 2-dependence of the electrical
resistivity at low temperatures, following a Fermi liquid relation, as shown in Fig. 4.9.
The resistivity data, which were obtained by using the cubic anvil cell, are arbitrarily
shifted. Solid lines represent the ρ = ρ0 + AT 2 relation. The A value, which corresponds
to the slope of solid line, becomes maximum around Pc ' 5.5 GPa, as shown in Figs. 4.9
and 4.8(c). The A value at 5 GPa, 10.5 µΩ·cm/K2 is the same as 10 µΩ·cm/K2 in a heavy
fermion superconductor CeCu2Si2 with an extremely large γ value of 1.1 J/K2·mol 90).
The heavy fermion state is thus formed around Pc ' 5.5 GPa. Correspondingly, the
residual resistivity ρ0 value also becomes maximum around Pc ' 5.5 GPa, as shown in
Fig. 4.8(d).
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Fig. 4.1 Temperature dependence of the electrical resistivity in CeNiGe3 ρ under pres-
sure, which was applied by the indenter cell.
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4.1.2 CeNi2Al5

Prior to the present pressure experiment pressure applied to CeNi2Al5 by indenter cell
up to 4.3 GPa by Tabata et al. Figures 4.10 and 4.11 shows the temperature dependence
of the electrical resistivity under pressures up to 4.3 GPa.

At ambient pressure, the ρ(T ) curve shows a linear decrease from 300 K and make a
minimum around 25 K. Below 25 K, ρ(T ) increases with decreasing temperature, showing
the behavior of − log T . It also shows a sudden drop at 2.7 K, corresponding to the Néel
temperature TN. These characteristic features behaviors are consistent with the previous
report by Isikawa et al 51).

TN increases gradually with increasig pressure, and the ρ - value is considerably en-
hanced. The slope of − log T becomes steep, as shown in Fig. 4.11.

TN reaches 3.9 K at 3.9 GPa and decreases slightly to 3.5 K at 4.3 GPa, as shown in
Fig. 4.12. Figure 4.13 is a pressure dependence of TN in CeNi2Al5.
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Fig. 4.10 Temperature dependence of the electrical resistivity ρ in CeNi2Al5 under pres-
sure, which was applied by the indenter cell.
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sure, which was applied by the indenter cell.



4.1. CERIUM COMPOUNDS 65

5

4

3

2

1

0

T
N
(K

) 

6420

Pressure (GPa)

CeNi2Al5

Fig. 4.13 Temperature dependence of the electrical resistivity ρ in CeNi2Al5 under pres-
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To apply higher pressures, we used the cubic anvil cell up to 8 GPa. TN - values and the
overall behavior of ρ are consistent with data obtained by the indenter cell up to 5 GPa.
Applying pressures up to 6 GPa, however, changed the behavior of ρ drastically, as shown
in Figs. 4.14 and 4.15. The minimum of ρ and log T - increase nearly dissapeard, as shown
in Fig. 4.16. Moreover, the sudden drop of the electrical resistivity at TN disappeared
and decreased smoothly, with decreasing temperature. At this pressure, TN seems to
disappear or becomes zero. The pressure dependence of TN is shown in Fig. 4.17. The
ρ(T ) behavior of 7.0 GPa is also changed compered with that of 6.0 GPa. The maximum
of the resistivity is not seen in the ρ(T ) curve.

ρ
  
( 

µ
Ω

⋅c
m

 )

30

20

10

0
3002001000

Temperature (K)

 

1.5
4.0
5.0

6.0

7.0 GPa

CeNi2Al5
J//b-plane

Fig. 4.14 Temperature dependence of the electrical resistivity ρ in CeNi2Al5 under pres-
sure, which was applied by the cubic anvil cell.
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4.1.3 CeAgSb2

Figure 4.18(a) shows the temperature dependence of the electrical resistivity ρ in the
current J along [100] and [001]. Anisotropy of the resistivity is large: the resistivity ratio
between J ‖ [001] and [100] at room temperature and 10 K is ρ[001]/ρ[100] = 8.3 and 18,
respectively, reflecting the quasi-two dimensional electronic state. The residual resistivity
ρ0 and residual resistivity ratio (RRR = ρRT/ρ0) are 0.19µΩ·cm and 430 for J ‖ [100],
and 0.38µΩ·cm and 1700 for J ‖ [001], indicating a high-quality sample.

Figure 4.18(b) shows the T 2-dependence of the specific heat C in the form of C/T ,
together with that of LaAgSb2. The electronic specific heat coefficient γ is 46 mJ/K2·mol
in CeAgSb2 and 2.2mJ/K2·mol in LaAgSb2, which are approximately in agreement with
the previous values for the polycrystal samples 57, 58). We note that the magnetic specific
heat Cm becomes dominant below Tord = 9.7K, and follows the T 3-dependence which is
expected for the antiferromagnetic excitation or the antiferromagnetic ordering.

As noted above, the magnetization for H ‖ [001] has a hysteresis, not shown here,
as in the usual ferromagnet with a saturated moment of 0.40µB/Ce, as shown in Fig-
ure 4.18(c). On the other hand, the magnetization for H ‖ [100] increases almost linearly
with increasing the field and saturates above 30 kOe, indicating 1.20µB/Ce at 32 kOe.
This corresponds to a metamagnetic transition at 30 kOe as in an antiferromagnet. We
note that the magnetization curve for H ‖ [100] is reversible with increasing and de-
creasing the field. These results of the magnetization curves are not understood from
a simple ferromagnetic structure proposed by the neutron scattering experiment. The
antiferromagnetic exchange interaction is essential in magnetization curves. Additional
experiments such as neutron scattering on single crystals are required to clarify the mag-
netism in CeAgSb2. We focus our interest on the pressure effect around the critical
pressure Pc where the magnetic ordering temperature becomes zero.

Figure 4.19 shows the logarithmic scale of temperature dependence of the electrical
resistivity in the current parallel to the (001) plane or the c-plane under several pressures.
The resistivity at room temperature is 170µΩ·cm, which is larger than that for J ‖ [100],
about 80µΩ·cm. This is mainly due to both a small sample size and the contact of
the current lead wires to the sample, related to the quasi-two dimensional nature. The
resistivity thus contains the contribution of the resistivity for J ‖ [001]

To clarify the magnetic ordering behavior, we show in Fig. 4.20(a) and (b) the low-
temperature resistivity. The magnetic ordering temperature Tord is 9.7K at ambient
pressure, as shown by an arrow. With increasing pressures Tord shifts to lower tempera-
tures. Above about 3GPa we could not identify the magnetic ordering in the resistivity.
The resistivity peak at 5.8K for P = 3.6GPa shifts to 10K for higher pressure of 4.2GPa.
This characteristic temperature showing the resistivity peak approximately corresponds
to the Kondo temperature, although it is influenced by the crystalline electric field ef-
fect. The temperature dependence of the electrical resistivity at 4.2 GPa in CeAgSb2 is
very similar to that of a typical non-magnetic heavy fermion compound CeCu6 where the
electrical resistivity increases with decreasing the temperature, has a maximum at 15 K
and decreases rapidly at lower temperatures 89).
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Figure 4.21 shows the pressure dependence of the magnetic ordering temperature. A
solid line is a guideline:

Tord(P ) = Tord(P = 0)(1− P

Pc

)n (4.1)

where Tord(P = 0) =9.7K, Pc ' 3.3GPa and n =0.38. An interesting finding is
that above Pc = 3.3GPa, the residual resistivity becomes extremely large, as shown
in Fig. 4.20(b). The residual resistivity is about 50µΩ·cm, which is extremely larger
than about 0.5µΩ·cm below Pc.

Figure 4.22 shows the pressure dependence of the residual resistivity ρ0, showing a
maximum of the residual resistivity at Pc. When the pressure was released, the residual
resistivity was close to zero as in the case of the initial experiment. The present large
residual resistivity is intrinsic and is a characteristic feature in the quantum critical region
of CeAgSb2.

Here the resistivity above 3.6GPa decreases below 0.9K, as shown by an arrow in
Fig. 4.20(b). This resistivity decrease below 0.9K was observed at 3.6, 3.8 and 4.2GPa,
and was also confirmed for another sample. There is a possibility that this is due to
superconductivity, although the resistivity zero is not obtained. To clarify the present
resistivity decrease, we measured the electrical resistivity under magnetic field.

Figure 4.23 shows the low temperature resistivity under H = 0 and 70 kOe for another
sample. Configuration between J ‖ (001) and H ‖ [001] is transverse, J ⊥ H. The
negative magnetoresistance is observed, as shown in Fig. 4.23. An interesting finding
is that the resistivity under H = 70 kOe follows the usual Fermi liquid relation of the
T 2-dependence. The present result is very similar to the non-Fermi liquid nature in
CeCoIn5, which is known as a heavy fermion superconductor in the quantum critical
region 93). Namely, CeCoIn5 indicates a clear T 1-dependence of the resistivity and shows
the negative magnetoresistance. At present it is not clear whether the resistivity decrease
in CeAgSb2 is due to onset of superconductivity or not.

A new finding in the present experiment of CeAgSb2 is that the residual resistivity
possesses a huge value in the critical pressure region: ρ0 = 0.3µΩ·cm at ambient pressure
is changed into 55µΩ·cm at Pc = 3.3GPa. Recently Miyake and Maebashi explained the-
oretically the origin of the huge residual resistivity around the quantum critical region 94).
This theory explains a sharp peak of the residual resistivity observed in CeCu2Ge2 at P '
17 GPa where the superconducting transition temperature also exhibits the sharp peak:
ρ0 = 2.5µΩ·cm at ambient pressure and 39µΩ·cm at 17GPa in CeCu2Ge2

95). The similar
pressure-induced superconductor is CeRhIn5: ρ0 = 0.2 µΩ·cm at ambient pressure and
13.2µΩ·cm at 2.5GPa in CeRhIn5

96). The theory is based on the impurity scattering
due to critical valence fluctuations of the 4f electron in the cerium heavy fermion sys-
tem. The present enhancement of the residual resistivity in CeAgSb2 is large compared
to those in CeCu2Ge2 and CeRhIn5.
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4.2 Uranium Compounds

4.2.1 UNiGa5, UPdGa5, UPtGa5

Figure 4.24 shows the temperature dependence of the electrical resistivity ρ under
pressure for the current along the [001] direction. A sharp kink in the resistivity at
TN = 86.5 K at ambient pressure indicates the Néel temperature. TN decreases with
increaseing pressure, and the kink is not found above 4.5 GPa. Moreover, another decrease
of the resistivity below about 5 K (=T ∗) was found in the pressure range from 0.5 to
1.05 GPa, as shown in Fig. 4.25.

Figure 4.26 shows a TN and T ∗ vs. pressure phase diagram. A critical pressure Pc is
about 4.5 GPa, where TN becomes zero. A solid line in Fig. 4.26 indicates a guideline:

TN(P ) = TN(P = 0)
(
1− P

Pc

)n

with TN(P = 0) = 89 K, Pc = 4.5 GPa and n = 0.48. T ∗

is nearly constant against the pressure.
We will discuss these resistivity data from a viewpoint of the Fermi liquid nature,

namely following a relation of ρ = ρ0 + AT 2. The
√

A value correlates with a Pauli
susceptibility χ ' χ0 and an electronic specific heat coefficient γ. This Fermi liquid
nature is found at 1.5 and 2.5 GPa below about 15 K, as shown in Fig. 4.27. From
5.0 to 5.5 GPa, the slopes of T 2-dependence become steep, or the T 2-dependence of the
electrical resisivity is doubtful. With further increasing pressure, the Fermi liquid nature
fully recovers and is satisfied in a wide temperature range, as seen at 7.0 and 8.5 GPa.

Figure 4.28 shows the pressure dependence of the coefficient A and the residual resis-
tivity ρ0. The A value indicates a maximum around 5 GPa, close to Pc . On the other
hand, the residual resistivity decreases steeply from 3 GPa, and becomes constant above
6 GPa.

Recently, it was argued that superconductivity under pressure is related to both the A
and ρ0 values in some cerium compounds 97, 98, 99). Superconductivity is found around the
critical pressure Pc and/or the non-Fermi liquid nature appears around Pc, as mentioned
in Chap.2. Moreover, the A and ρ0 values also have a maximum at Pc.

In the present experiment for UNiGa5, the A value has a maximum at 5 GPa, which
is close to Pc = 4.5 GPa. The ρ0 value, however, does not have a maximum at Pc. In
uranium compounds, the superconductivity appears below 1 K in general. Measurements
under presssure at much lower temperature are needed to confirm superconductivity,
together with the non-Fermi liquid nature for UNiGa5.

In conclusion, the quantum critical pressure Pc, where TN becomes zero, was de-
termined to be Pc ' 4.5 GPa from the resistivity measurement under pressures up to
8.5 GPa. Around Pc, the A value has a maximum, and the Fermi liquid nature is not
fully satisfied around Pc.
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Figure 4.29 shows a temperature dependence of the electrical resistivity at ambient
pressure and under pressures. At ambient pressure, the resistivity decreases steeply below
TN. With increasing presure, the Néel temperature decreases smoothly as shown by ar-
rows in Fig. 4.29. We show in Fig. 4.30 the pressure dependence of the Néel temperature,

where a solid line of TN(P ) = TN(P = 0)
(
1− P

Pc

)n

with TN(P = 0) = 23 K and n = 0.35

is a guideline. A critical pressure Pc is estimated as 3.2 GPa. We will discuss these
resistivity data from a viewpoint of the Fermi liquid nature, namely following a relation
of ρ = ρ0 + AT 2. From 3.2 to 4.0 GPa, the slopes of T 2-dependence become steep, or the
T 2-dependence of the electrical resisivity is doubtful. With further increasing pressure,
the Fermi liquid nature fully recovers and is satisfied in a wide temperature range, as
seen at 5.0 GPa.

These characteristic features are the same as those of UNiGa5.
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Figure 4.33 shows a temperature dependence of the electrical resistivity at ambient
pressure and under pressures in UPtGa5. At ambient pressure, the resistivity decreases
steeply below TN. With increasing presure, the Néel temperature decreases smoothly as
shown by arrows in Fig. 4.33. We show in Fig. 4.34 the pressure dependence of the Néel

temperature, where a solid line of TN(P ) = TN(P = 0)
(
1− P

Pc

)n

with TN(P = 0) = 23 K

and n = 0.53 is a guideline. A critical pressure Pc is estimated as 8 GPa. Here we note
that the low temperature resisvitity follows a Fermi liquid relation of ρ = ρ0 +AT 2 below
5 K. The A and ρ0 values are approximately unchanged against pressure. We determined
a critical pressure Pc as 8.0 GPa in UPtGa5. The low-temperature resisvitity follows the
Fermi liquid relation, but the relation of the A and ρ0 values vs. pressure is not simple.
The A and ρ0 values are unchanged against pressure in UPtGa5, as shown in Fig. 4.35
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4.2.2 UN

We measured the resistivity of UN under pressure, as shown in Fig. 4.36. At ambient
pressure, a small but sharp hump is observed at TN = 53 K. With applying pressure, the
hump becomes broad but can be observed up to 3 GPa. Figure 4.37 shows the pressure

dependence of the Néel temperature, where a solid line of TN(P ) = TN(P = 0)
(
1− P

Pc

)n

with TN(P = 0) = 50 K and n = 0.65 is a guideline. A critical pressure Pc is estimated
as 3.5 GPa. The resisvivity follows the Fermi liquid relation of ρ = ρ0 + AT 2 below 7
K. Figure 4.38 shows the pressure dependence of A and ρ0 values. The A value has a
maximum at 2 GPa, while the ρ0 value decreases steeply below about 2 GPa.
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Fig. 4.36 Temperature dependence of the electrical resistivity ρ under pressure in UN.
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4.2.3 UGa3

In the present study the pressure was applied to the sample of UGa3 up to 8.5 GPa
. The Néel temperature TN = 67 K was observed to disappear above 2.5 GPa. In this
pressure region we found the non-Fermi liquid nature, not following a T 2-dependence of
the electrical resistivity but indicating a linear T -dependence of the resistivity.

Single crystals of UGa3 was grown by the so-called self-flux methods. Ga was used as
flux. The residual resistivity ratio ρRT/ρ0 was about 80. See ref. 72) in details. Pressure
up to 8.5 GPa was applied by a cubic anvil apparatus in the temperature region from 2
K to 300 K and by a Bridgman anvil apparatus at lower temperatures down to 80 mK.
We used two different samples for two corresponding measuring systems.

Figure 4.39 shows the temperature dependence of the dρ/dT curve under pressure.
In an inset we show the temperature dependence of the electrical resistivity ρ at am-
bient pressure, namely 0 GPa. A small hump in the resistivity at TN = 67 K in the
inset of Fig. 4.39 corresponds to a Néel temperature. At 3 GPa, a signature for the
antiferromagnetic ordering is not detected. corresponds to a Néel temperature. The Néel
temperature is found to decrease steeply with increasing pressure, as shown by arrows in
Fig. 4.39. Figure 4.40 shows a TN vs pressure phase diagram. A critical pressure Pc is
about 2.6 GPa, where TN becomes zero. A solid line in Figure 4.40 indicates a guideline:

TN(P ) = TN(P = 0)
(
1−

(
P
Pc

)n)
with TN(P = 0) = 65.4 K, Pc = 2.6 GPa and n = 0.45.

The electrical risistivity at ambient pressure in UGa3 is known to follow a T 2 -
dependence of the electrical resistivity below about 20 K 72). Namely, the electrical
resistivity ρ follows a Fermi liquid nature of ρ = ρ0 +AT 2. The

√
A value correlates with

a Pauli susceptibility χ ' χ0 and a constant γ-value. This Fermi liquid nature is found at
2.0 GPa below about 15K, as shown in Fig. 4.41. At 2.5 and 3.0 GPa, the T 2-dependence
of the electrical resisivity is doubtful because a slope in the ρ vs T 2 curve is changed
with decreasing the temperature. With further increasing pressure, it fully recovers and
is satisfied in a wide temperature range, as seen at 5.0 and 6.0 GPa.

Figure 4.42 shows the pressure dependence of the coefficient A and the residual resis-
tivity ρ0. The A value suggests a maximum around Pc = 2.6 GPa, although the residual
resistivity does not follow the same pressure dependence, having a maximum atabout 1.5
GPa.

We measured the electrical resistivity at lower temperatures under pressure ranging
from 1.5 to 3.1 GPa. Figure 4.43 shows the temperature dependence of the resistivity
under pressure. A linear T -dependence is found: ρ = ρ0 + A′T below 1.6 K at 2.5 GPa
and below 2.0 K at 2.8 GPa, which are compared to the resistivity data under 1.8 and
3.1 GPa. It is clear that the Fermi liquid nature is broken around Pc = 2.6 GPa.

Finally, we measured the transverse magnetoresistance ∆ρ/ρ = {ρ(H) − ρ(H =
0)}/ρ(H = 0) at 4.2K, where the current and magnetic field were applied along the
[100] and [001] directions, respectively. The magnetoresistance increases as a function of
∆ρ/ρ ∼ Hn(n > 1). This is consistent with the previous result indicating a compen-
sated metal with closed Fermi surfaces 72). The value of ∆ρ/ρ decreases with increasing
pressure. This means that the mobilities of electrons and holes, µe and µh, decrease
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with increasing pressure because ∆ρ/ρ ' µeµhH
2 at high fields. In other words, the

cyclotron effective mass, which is inversely properties to the mobility, increases with in-
creasing pressure. The decrease of ∆ρ/ρ thus corresponds to the increase of the A value
in Fig. 4.42(a).

We will discuss the non-Fermi nature in UGa3 around the magnetic quantum criti-
cal region. Namely, the electrical resistivity indicates a T n (n = 1)-dependence at low
temperatures around Pc = 2.6 GPa.

The non-Fermi liquid nature has been discussed as a diverging linear coefficient of
the specific heat C for temperatures T → 0 : γ = C/T = − log (T/T0) and a strong
temperature dependence of the magnetic susceptibility χ as T → 0. Furthermore, the
electrical resistivity ρ deviates from the T 2-dependence, indicating a linear T -dependence,
for example ref. 100).

Experimentally a non-Fermi liquid relation was observed in several compounds: a
quasi-linear resistivity of ρ ∝ T 1.2 from a superconducting transition temperature Tc ' 0.4
K to high temperatures up to 40 K under P = 3.05 GPa in CePd2Si2

97) and a linear
T -dependence of ρ ∝ T from Tc ' 2 K to 15 K under P = 15.6 GPa in CeCu2Ge2

98). Not
by pressure but by chemical pressure of alloying in CeCu2.9Au0.1, a linear T -dependence
of the resistivity was also observed in the temperature region from 0.3-0.4 K to the lowest
measured temperature of 15 mK 101).

One of the theories for non-Fermi liquid around the magnetic quantum critical point is
based on the self-consistent renormalization (SCR) theory, taking into account the effect
of couplings among the spin fluctuation modes (mode-mode coupling) 102, 103, 104). This
does not, however, explain the linear T -dependence of the resistivity for three-demensional
magnetic systems. The linear temperature dependence of the resistivity is still an open
question.
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4.2.4 URu2Si2, UPt3

(a)dHvA effect Under pressure in URu2Si2

The de Haas-van Alphen (dHvA) effect is the most powerful method to determine
the topology of the Fermi surface, cyclotron effective mass and the Dingle temperature.
Previously we studied the dHvA effect of URu2Si2

74). If the recent NMR experiment is
right, the detected dHvA branch is mainly due to the paramagnetic region because the
volume fractions of the paramagnetic and antiferromagnetic regions are about 99 and
1%, respectively, from the tiny moment of 0.03µB. The topology of the Fermi surface is
generally influenced by the antiferromagnetic ordering. At 0.5 GPa we expect two kinds
of dHvA branches based on the paramagnetic and antiferromagnetic regions. To clarify
it we carried out dHvA experiment under pressure.

Figures 4.45, 4.46 show the dHvA oscillation in the field along [100] at 0.5 GPa (a) and
[001] at 0.7 GPa (b) under pressure, and the corresponding fast Fourier transform (FFT)
spectra, together with FFT spectra at different pressures. Detected dHvA branches are
a branch named α and its higher harmonics, where the branch α is observed at ambient
pressure and is known to be nearly spherical in shape. The fundamental branch is thus
only one, unchanged against pressure. As shown in Fig. 4.47, the dHvA frequency for
both field directions increases monotonously with increasing pressure and indicates no
abrupt change at Pc = 1.5 GPa.

Figure 4.48 shows the pressure dependence of the cyclotron mass m∗
c. The cyclotron

mass decreases considerably with increasing pressure. In the heavy fermion system, the
magnetic specific heat of 5f electrons is partially changed into an electronic specific
heat. The present result is consistent with the pressure dependence of the magnetic
moment. Namely, the larger the magnetic moment is, the smaller the electronic specific
heat coefficient or the cyclotron mass is. It is, however, noted that an abrupt change of
the cyclotron mass at Pc is not observed within an experimental error, together with no
abrupt change of the dHvA frequency mentioned above.

We also determined the Dingle temperature and estimated the mean free path for
branch α for the field along [100]. The mean free path is 1100 Å (± 50 Å), approximately
independent on the pressure.

It is concluded from the present dHvA experiment that the dHvA frequency is un-
changed against pressure, with a slight increase, while the cyclotron mass under pressure
changes considerably, reflecting a change of the magnetic moment. The present dHvA
experiment under pressure is thus inconsistent with the phase-separated proposal based
on the NMR experiment, although there is a possibility that the Fermi surface is approx-
imately the same between paramagnetic and antiferromagnetic regions.
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Fig. 4.45 (a) the dHvA oscillation in the field along [100] at 0.5 GPa, (b) along [001] at
0.7 GPa.



4.2. URANIUM COMPOUNDS 99

50

dHvA Frequency (x10
7
 Oe)

0 GPa

0.5 GPa

1.8 GPa

H//[100]

URu2Si2

50

dHvA Frequency (x10
7
 Oe)

0 GPa

0.7 GPa

1.4 GPa

H//[001]
α

2α

α

3α 4α

2α

3α

Fig. 4.46 (a) the FFT spectra of dHvA oscillation in the field along [100] at 0, 0.5, 1.8
GPa (b) along [001] at 0, 0.7 and 1.4 GPa.

1.3

1.2

1.1

1.0

d
H

v
A

 F
re

q
u
en

cy
 (

x
1
07

  
O

e
)

210

Pressure  (GPa)

URu2Si2

H//[100]

Pc

[001]

Fig. 4.47 Pressure dependence of the dHvA frequency for branch α in URu2Si2.



100 CHAPTER 4. EXPERIMENTAL RESULTS AND ANALYSES

20

15

10

5

0

m
c*
 (

m
0
)

210

Pressure (GPa)

Pc

URu2Si2
H//[001]

[100]

Fig. 4.48 Pressure dependence of the cyclotron mass for branch α in URu2Si2.



4.2. URANIUM COMPOUNDS 101

(b) Magnetization of URu2Si2 and UPt3 in high magnetic fields

We have studied the high-field magnetization transition of URu2Si2 in a wide tem-
perature range from 1.3 to 77 K. Figure 4.49 shows the typical magnetization curves at
1.3 K, 30 K and 77 K. At 1.3 K, the lowest measured temperature, the magnetization
increases linearly and shows a three-step metamagnetic transition from 35 to 40 T. After
the transitions, the magnetization curve becomes linear above 40T. The metamagnetic
transition becomes broad at 30 K. It is interesting that the metamagnetic transition was
observed at 30 K, namely, above TN. The metamagnetic transition was, however, not
observed at 77 K.

We show again the precise metamagnetic transition in Fig. 4.50, expanding it around
the transition field. To clarify the metamagnetic transition, we show the the differential
magnetization (dM/dH) curves at each temperature in Fig. 4.51. The metamagnetic
transition can be defined as the peak of the dM/dH curve. The sharp three peaks
corresponding to the metamagnetic transitions were observed from 1.3 K to 14 K. Above
14 K, the three peaks were change into two peaks, which were observed up to 16 K.
Above TN = 17 K, the metamagnetic transition is changed into one broad peak, which
was observed up to 60 K. The temperature of 60 K is just above the characteristic
temperature Tχmax (=55 K), where the magnetic susceptibility has a maximum in the
temperature dependence.

In order to shed more light on the 5f -electronic state, we replot the temperature de-
pendence of the magnetization in the temperature range from 1.3 to 77 K under several
constant magnetic fields, as shown in Fig. 4.53. The characteristic features are highly
different between the high-field and low-field magnetization. The magnetization at the
high field of 50 T increases monotonously with decreasing temperature, while the mag-
netization below 35 T shows a maximum and decreases with decreasing temperature.

We note the high-field magnetization at 50 T. The inverse susceptibility χ−1 ( =
H/M), where M is the magnetization at H = 50 T, is connected continuously with the
usual inverse susceptibility obtained at 2 T, as shown in Fig. 4.54. These data follow the
same Curie-Weiss law, indicating that the high-field state is approximately identical with
the high-temperature 5f -localized state. Usually the 5f electrons have dual nature with
localized and itinerant. It is noted that the 5felectrons are almost localized at uranium
sites at high temperatures.

These susceptibility and magnetization data are approximately explained on the basis
of the CEF-model of the localized 5f 2 or 5f 3 configurations with the doublet ground
state. The characteristic temperature Tχmax in the magnetic susceptibility indicates the
crossover from the localized 5f -electronic state to the itinerant 5f -electronic state with
a large mass. Furthermore, the metamagnetic transition, which occurs below Tχmax, is a
change of the 5f -electronic state from itinerant to localized.
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We also studied the metamagnetic transitionof UPt3 at various temperatures as shown
in Fig. 4.55. Figure. 4.56 shows the the differential magnetization (dM/dH) curves at
each temperature. The observed metamagnetic transition is broad even below TN '
5 K and it persists up to about 30 K, which is close to the characteristic temperature
Tχmax ( ' 20 K). This is in contrast with the URu2Si2 behavior, where the metamagnetic
transition is sharp below TN and becomes broad above TN. This result indicates that the
antiferromagnetically ordered state in UPt3 is different from those of URu2Si2. That is
to say, there is no static ordering but dynamic spin fluctuations are dominant in UPt3.

The metamagnetic tarnsition is thus one of the important characteristics in the heavy
fermion compounds such as URu2Si2 and UPt3. It is based on the hybridization effect be-
tween the conduction electrons with a wide energy band and almost localized f -electrons.
As a consequence, the almost localized f -electrons become itinerant with decreasing tem-
perature through the many-body Kondo effect. The crossover from localized to itinerant
occurs at a characteristivc tempretaure Tχmax, where the magnetic susceptibity has a
maximum, as mentioned above. Tχmax corresponds approximately to the Kondo tem-
perature TK. At temperatures lower than Tχmax, the metamagnetic transition occurs at
a magnetic field Hm such that kBT ' geffµBHm. Figure 4.58 shows the relation of Hm

versus Tχmax in cerium and uranium compounds, where the data of URu2Si2 and UPt3

are shown by large circles.
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5 Conclusion

In the present study we have measured the electrical resistivity, dHvA effect and
magnetization in cerium and uranium compounds under high pressure. The present
experimental results are summarized as follows:

CeNiGe3

We have measured the electrical resistivity of an antiferromagnet CeNiGe3 up to 8.0
GPa in the temperature range of 2 to 300 K.

1) TN increases with increasing pressure, has a maximum at 3.7 GPa, decreases with
furthur increasing pressure above 3.7 GPa, and becomes zero around 5.5 GPa ('
Pc).

2) The residual resistivity ρ0 and the A value of the resistivity ρ = ρ0 + AT 2 has
a maximum around Pc. The characteristic temperauture, corresponding to the
maximum ρ-value, has a minimum around Pc.

These experimental results indicate that the antiferromagnet CeNiGe3 with a f -
localized nature is changed into a non-magnetic 4f -itinerant compound, passing through
the heavy fermion state at a critical pressure Pc ' 5.5 GPa. The crossover from localized
to itinerant is tuned by applying pressure.

CeNi2Al5

We have measured the electrical resistivity of an antiferromagnet CeNi2Al5 up to 7.0
GPa in the temperature range of 2 to 300 K.

1) TN increases with increasing pressure, has a maximum at 3.9 GPa, decreases with
further increasing pressure above 3.9 GPa, and becomes zero around 6.0 GPa (=
Pc).

2) The overall behavior is similar to that of CeNiGe3.

CeAgSb2

We have measured the electrical resistivity of a ferromagnet CeAgSb2 up to 4.2 GPa
in the temperature range of 0.1 to 300 K.

1) TC decreases with increasing pressure. The critical pressure Pc was determined at
Pc ' 3.3 GPa.

2) When the pressure crosses Pc, a huge residual resistivity was observed, changing
from 1.0µΩ·cm at Pc=2.6GPa to 55µΩ·cm at Pc. The electronic state is changed
into another one with a different character above Pc.
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UNiGa5

We have measured the electrical resistivity of an antiferromagnet UNiGa5 up to 8.0
GPa in the temperature range of 2 to 300 K.

1) TN decreases with increasing pressure. The critical pressure Pc was determined at
Pc ' 4.5GPa.

2) Around Pc, the A value of the resistivity ρ = ρ0 + AT 2 has a maximum.

TN becomes zero above Pc ' 4.5 GPa. This phenomenon is similar to that of the
antiferromagnetic cerium compounds such as CeNiGe3. The temperature dependence of
the electrical resistivity is , however, highly different between UNiGa5 and CeNiGe3. In
UNiGa5, the resistivity above Pc increases almost linearly with increasing temperature.
On the other hand, the resistivity has a clear peak in CeNiGe3, although the peak moves
to higher temperatures with increasing pressures.

UPdGa5

We have measured the electrical resistivity of an antiferromagnet UPdGa5 up to 5.0
GPa in the temperature range of 2 to 300 K.

1) TN decreases with increasing pressure. The critical pressure was determined at
Pc ' 3.2GPa.

2) Around Pc, the A value of the resistivity ρ = ρ0 + AT 2 has a maximum.

UPtGa5

We have measured the electrical resistivity of an antiferromagnet UPtGa5 up to 8.5
GPa in the temperature range of 2 to 300 K.

1) TN decreases with increasing pressure. The critical pressure Pc was determined at
Pc ' 8.0GPa.

2) The A value and ρ0 values are unchanged against pressure. These are different from
those of UNiGa5 and UPdGa5.

UN

We have measured the electrical resistivity of an antiferromagnet UN up to 7.0 GPa
in the temperature range of 2 to 300 K.

1) TN decreases with increasing pressure. The critical pressure Pc was determined at
Pc ' 3.0GPa.

2) The A value has a maximum at 2 GPa below Pc.
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UGa3

We have measured the electrical resistivity of an antiferromagnet UGa3 up to 8.5 GPa,
in the temperature range of 2 to 300 K.

1) TN decreases with increasing pressure. The critical pressure Pc was determined at
Pc ' 2.6GPa.

2) The A value has a maximum at 2 GPa below Pc.

URu2Si2

We have measured the dHvA effect of URu2Si2 up to 2 GPa.

1) The detected dHvA frequency increases monotonously with increasing pressure and
indicates no abrupt change at Pc = 1.5 GPa.

2) The cyclotron mass decreases considerably with increasing pressure and also indi-
cates no abrupt change at Pc.

The present dHvA experiment under pressure is thus inconsistent with the phase-
separated proposal based on the NMR experiment.

Next, we have measured the high-field magnetization of URu2Si2 up to 50 T in a wide
temperature range of 1.3 to 77 K.

3) The sharp metamagnetic transition with three-steps is observed from the lowest
measured temperature of 1.3 K to 14 K, which is close to the Néel temperature of
17.5 K.

4) The sharp metamagnetic transition is changed from three steps to two steps above
14 K. The metamagnetic transition with the two steps is observed in a very narrow
temperature range from 14 to 16 K.

5) Above the Néel temperature of 17.5 K, the metamagnetic transition is changed into
one broad peak, which is observed up to 60 K.

6) The inverse susceptibility χ−1 ( = H/M), where M is the magnetization at H =
50 T, is connected continuously with the usual inverse susceptibility obtained at
2 T. This indicates that the metamagnetic transition is a change of the 5f -electronic
state from itinerant to localized.
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UPt3

We have also measured the high-field magnetization of UPt3 up to 50 T in a wide
temperature range of 1.3 to 77 K.

1) The observed metamagnetic transition is broad even below TN ' 5 K and it per-
sists up to about 30 K, which is close to the characteristic temperature Tχmax ( '
20 K). This result is different from those of URu2Si2, and indicates that there is no
static ordering in UPt3 but dynamic spin fluctuations are dominant in a strongly
correlated compound of UPt3.

The metamagnetic transition occurs at a critical field Hm, holding a relation of kBT '
geffµBHm. This relation is satisfied in heavy fermion compounds including URu2Si2 and
UPt3 The crossover from itinerant to localized is thus tuned by applying high magnetic
fields.
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89) Y. Ōnuki, T. Goto, and T. Kasuya, in Materials Science and Technology, edited
by K. H. J. Buschow (VCH, Weinheim, 1992), Vol. 3A, p. 545.



122 REFERENCES

90) W. Assmus, M. Herrmann, U. Rauchschwalbe, S. Riegel, W. Lieke, H. Spille, S.
Horn, G. Weber, F. Steglich, and G. Cordier, Phys. Rev. Lett. 52, 469 (1984).
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The high-pressure effect of an electronic state in uranium compounds: UPtGa5 and
UN,
J. Phys. Condens. Matter 15, S2007 (2003).

4) M. Nakashima, S. Ikeda, T. Okubo, R. Settai, H. Ohkuni, E. Yamamoto, Y. Haga,
and Y. Ōnuki,
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Pressure-induced superconductivity in an antiferromagnet CeRh2Si2,
J. Phys. Condens. Matter 14, L377 (2002).

11) S. Araki, R. Settai, M. Nakashima, H. Shishido, S. Ikeda, H. Nakawaki, Y. Haga,
N. Tateiwa, T.C. Kobayashi, H. Harima, H. Yamagami, Y. Aoki, T. Namiki,
H. Sato, and Y. Ōnuki,
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Scattering rate of quasiparticles both in the normal and superconducting mixed
states in CeCoIn5 studied by the dHvA effect,
Physica B 312-313, 123 (2002).

13) S. Araki, M. Nakashima, H. Nakawaki, R. Settai, H. Harima, and Y. Ōnuki,
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