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Abstract
The / electrons in the rare earth and uranium compounds indicate variety of physical

properties including magnetic ordering, quadrupolar ordering, meta,magnetism, a large
mass of the conduction electron and superconductivity. In the present paper, we grew
high-quality single crystals of RPfu (R : Pr, Sm, Eu, Gd, Yb), YbIn3, UAl3, UGa3, UX2
(X : P, As, Sb, Bi) and UCd11, which are in the best quality as far as we know.

In PrPb3, we found a mass enhancement of the conduction electron named branch 7,
from 1.6 to 4.0rns with decreasing temperature below 1K. This is caused by the anti-
ferroquadrupolar ordering which occurs at 0.4 K. The mass enhancement based on the
antiferroquadrupolar ordering is the first observation. Below 0.6 K, we found metamag-
netic transitions at 70kOe, which corresponds to the phase transition from the antiferro-
quadrupolar phase to the paxamagnetic one.

A valence change is also an interesting phenomenon in the rare earth compounds.
YbPfu, EuPb3 and YbIn3 are di'salent, whereas the valence is usually trivalent. These

Fermi surfaces are therefore found to be highly different from the corresponding trivalent
ones.

We also studied the electronic nature of 5/ electrons in uranium compounds of UAl3,
UGa3, UCdrr and UXz (X : P, As, Sb, Bi). We succeeded in observing the dHvA
oscillations in UAl3, UGa3 and UXz (X : As, Sb, Bi).

In UX2, we found for the first time the twodimensional Fermi surfaces, namely cylin-
drical ones. Fermi surfaces of UBiz is found to consist of a spherical Fermi surface and
a cylindrical one. These Fermi surfaces in UBi2 change into cylindrical ones in USbz

and UAs2. This change of the Fermi surfaces is well explained by a flattened magnetic
Brillouin zone. The twodimensional character of the Fermi surfaces on these compounds
is mainly due to the conduction electrons in the U-plane, including the 5/ electrons. The
itinerant nature of 5/ electrons is reflected to the large cyclotron masses. The magnetic
breakthrough (breakdown) phenomenon is also discussed on USb2.
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Chapter 7 Introduction

The rare earth compounds are usually treated in magnetism by a f -Localized model,
but show various interesting phenomena such as valence fluctuations, gap states, Kondo
lattice, quadrupolar ordering and heavy Fermions (heavy electrons).1) These originate
from the 4/ electrons in the rare earth compounds, which are either bound to the lan-
thanide atoms or delocalized, indicating an itinerant nature. As shown in Fig. 1.1 (b),2)

the 4f electrons in the atom are pushed deep into the interior of the closed 5s and 5p
shells because of the strong centrifugal potential I(I+1)112, where l:3 holds for the/
electrons. This is the reason why the 4/ electrons possess an atomic-like character in the
crystal. On the other hand, the tail of their wave function spreads to the outside of the
closed 5s and 5p shells, which is highly influenced by the potential energy, the relativistic
effect and the distance between the lanthanide atoms. These enhance the hybridization ef-

fect of the 4f electrons with the conduction electrons, resulting in the various phenomena

mentioned above.

Magnetism in the rare earth compounds is based on the 4/ electrons with a local
moment. An indirect interaction, mediated by a conduction electron with spin polariza-
tion, causes a magnetic order. This indirect interaction is called the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction.Fs) The RKKY interaction is a fundamental theory
in /-electron magnetism.

On the other hand, some Ce compounds such as CeCu66) indicate the Kondo effect.

In these compounds, the Kondo effect seerns to overcome the above RKKY interaction.
In a purely periodic system, the ground state cannot be a scattering state but becomes a

coherent Kondo lattice state. Namely, the localized 4f electrons become itinerant because

the 4f electrons hybridize with the conduction electrons. This hybridization yields a
large density of states at the Fermi level, and thus an effective mass of the conduction
electrons becomes quite large. Such a system is called the heavy Fermion (heavy electron)
system. The heavy Fermion system can be described in terms of a Fermi liquid, following a
?2-dependent electrical resistivity contribution arising frorn electron--electron scattering
varying ds p e AT2, the electronic specific heat coefficient varying as C : ^fT with 7
independent of ? in the limit ? --+ 0, and the enhanced Pauli spin susceptibility X = X(0)
independent of ?. These values of. A, 1 and X in the heavy Fermion system, holding a
relation ot t/A - "f - X,, Ne huge compared to those of the conventional metal.

The 5/ electrons in the uranium compounds have a characteristic nature between

the itinerant like 3d electrons and the localized 4/ electrons.l'7) Figure 1.1 (c) shows the
effective radial charge density of the U atom, which is compared to those of Ni or Ce atoms.

For example, 5/ electrons of UGe3, USi3, URue, UIrs and URh3 show an itinerant electron

character from the results of the dHvA experiment and the energy band calculation. On
the other hand, UPds, UPh and UTI show a localized electron one.

Some uranium compounds such as UPt3, UBe13, UPd2Als are interesting, showing not



only the heavy Fermion nature but also superconductivity. These compounds are called
unconventional or anisotropic superconductors because they do not follow thermally an
exponential law expected from the BCS theory but a power law.

To elucidate the / electron nature of these compounds, the Fermi surface study is es-

sentially important. The dHvA experiment is a useful method to clarify the Fermi surface
and the character of the conduction electrons. It is, however, difficult to carry out the
dHvA experiment, because the heavy effective mass and/or large impurity scattering sup
press the dHvA oscillation. Therefore, the dHvA experiment requires the high magnetic
fields, extremely low temperatures and high-quality single crystals. These criterions for
the usual rare ea,rth compounds a,re, for example, low temperatures less than 1K, high
fields more than 100kOe and the residual resistivity ratio (po/po) of the sample larger
than 40. In the case of heavy electrons with an effective mass of 100 rns, much more severe

experimental conditions such as a low temperature of 20mK, a high field of 150kOe and
a sample with po/ps: 500 are needed to detect the dHvA oscillation.

In spite of these experimental difficulties, many rare earth compounds were investi-
gated by the dHvA experiments, especially devoting a lot of efforts to growing high-quality
single crystals. Nevertheless, the dHvA experiments were sca.rcely proceeded for the com-
pounds whose high-quality sa,mples are hardly available. In particular, the compounds
with incongruent melt is difficult to obtain the high-quality sample, because unexpected
compounds with difierent compositions a,re included as impurities.

In the present study, we grew high-quality single crystals of rare earth and uranium
compounds by using a self-flux method and a chemical transport one, overcoming diffi-
culties as mentioned above. On the Fermi surface study it is important to caxry out the
dHvA experiments for a lot of compounds and classify the results into typical examples.

The samples which we grew are RPb3 (R: Pr, Sm, Eu, Gd, Yb), YbIn3, UAl3, UGa3,

UX2 (X : P, As, Sb, Bi) and UCd11. The dHvA experiments were done for all these

compounds except UP2 and UCdrr and their Fermi surface properties were clarified.
In this paper, we will give a review including more detail background of this study in

Chap. 2 and summarize the characteristic properties of the present compounds in Chap. 3.

Next we will present the single crystal growth and experimental method in Chap. 4. In
Chap. 5, we will give the results and discussion. Finally, we will summarize the present

study in Chap. 6.
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Fig。 1.l Efective radial charge densities of(a)Ni,(b)Ce and
ref。 (2).

(c) U atoms, cited from



2.L

2.L.t

Chapter 2 Introduction to Relevant Physics

3d itinerant system

Hubbard lnodel

The 3d electron system is often described as following the Hubbard model,

U : Dt;iclocio+ U f nnnslt
ijo j

where f61 is a transfer integral, U is a Coulomb energy, cj" and cio otl annihilation and
creation operators of the 3d electron, respectively and ni is a number operator denoted
as ni : stjsi. The first term means a kinetic energy when the electron moves into the
neighbor site, which is proportional to a band width. The second term is a Coulomb
repulsive energy when the two electrons set on one site. A relative difference between two
terms provides the different character of the 3d electron. For example, the 3d electron is
localized on the lattice and shows ferro- or antiferromagnetism when [/ is extremely large.
The limit of. U/t ) 1 provides the Heisenberg Hamiltonian 7{ - -DJoiSo. ,53, which is

zJ

useful model for magnetism of an insulator, where ,5 is spin of a localized electron and
J67 is an exchange interaction between i and j sites.

Flom the band theory and the dHvA experiment, however, the 3d electron in Fb and Ni
can be described as a one-body band picture in the ground state, that is, the 3d electrons
are clarified to be itinerant. Here, the one-body band picture means the theory which
treats the correlated electron under the mean field approximation. This contradiction was

explained by Stoner as given next.

2.L.2 Stonerts theory

The itinerant 3d electron system such as Fe or Ni shows Curie-Weiss behavior at
higher temperatures, just like a localized moment system, whereas the 3d electron system
is described by an itinerant band picture, as mentioned above. Stoner added the molecular
field theory into Pauli pararnagnetism and introduced a spontaneous magnetization.

M:Xp(H+aM) (2.幼

This is transformed into

Xp
(2.3)

1-αχP

where M is the magnetization, X" is the Pauli susceptibility and 11 is a magnetic field.
The susceptibility is enhanced by the molecular field. The Ferromagnetism appeaxs when

(2.1)

〓
ν
一〃
〓χ



a denominator 1 - crXp ( 0, namely:

2αμB2D(εF)>1, (2.→

where ps is Bohr magneton and D(ar) is the density of states at the Fermi energy.
This is called the Stoner's condition, and a large value of o or D(e") is a condition of
ferromagnetism.

Difficulty of this theory is that it cannot explain the Curie-Weiss law at higher tem-
peratures and it gives a large Curie temperature.

2.t.3 SCR theory

Difficulty in the Stoner model was removed by Moriya on the basis of SCR (self
consistent renormalization) theory, which treats the spin fluctuation in the band electron.s)

We show the spatial distribution of the spin density a(r) in Fig. 2.t.0) The p" value
can be expressed as a deviation between the wave functions with upspin and down-spin,
namely, p,(r) : lh?)l'-lr/lr)l'. In the Stoner model, there is no difference between the
density of states with up and down-spins above a Curie temperature ?g, and thus p" : g

(Fig. 2.1 (a)). On the other hand, in the localized spin model, the magnitude of each

moment is constant, but the spin takes any directions by the thermal motion above ?g
(Fig. 2.1 (b)). Considering the spin fluctuation effect, the spin at the finite temperature
varies not only the direction but also its a,mplitude, &s seen in Fig. 2.1 (c).

2.2 General property of the / electron system

2.2.1 RKKY interaction

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 I(I+L)1r2, where /:3 holds for the/
electrons.l) This is a reason why the 4/ electrons possess an atomic-like character in the
crystal. On the other hand, the tail of their wave function spreads to the outside of the
closed 5s and 5p shells, which is highly influenced by the potential energy, the relativistic
effect and the distance between the Ce atoms. This results in the hybridization of the 4f
electrons with the conduction electrons. These cause various phenomena such as valence

fluctuations, Kondo lattice, heavy Fermion, Kondo insulator, quadrupolar ordering and

unconventional superconductivity.

The Coulomb potential repulsive force of the 4/ electron [/ at the same atomic site is so

strong, for example U x 5eV in Ce compounds (see Fig. 2.210)). 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 4/ electrons hybridize
strongly with the conduction electron. This 4/-hybridization coupling constant is denoted
by V. When [/ is strong and/or V is ignored, the freedom of the charge in the 4/ electron



ps(0

(→ StOner mOdel

(b) localized spin model

ps(→

(c) spin fluctuation model

r

ps(r

Fig。 2.l Spatial distribution of the spin dellsity^(r)fOr(a)stOner model,(b)loCalized

spin modd and(c)spin auctuation model.The let― hand side is at T=0,the
right―hand side is T>7b.In(a),ps(r)VaniShes.In(b),ぁ (r)iS unChanged.In
(C),the 10cal density ofspinお slightly diminished at T>Tc.Cited iom rd(9).

is suppressed,while the freedom of the spin is retained,representing the 4f-localiZed

state.Nttllrd取 the degree of localization depends on the bvel of the 4r electrons EJ,

where largerコ∫helpS to increase the localizationo This situttion is applied to mOst

of the lanthanide compounds in which the Ruderman― Kitte卜Kasuya Yosida(RKKY)

interaction play a predonlinant role in magnetism. The mutual magnetic interaction

between theゲ electrOns occupying difFerent atomic sites cannot be of a direct type,such

as 3α metal magnetism,but should be indirect,which occurs only through the conduction

electrons.

In the RKKY interaction,a localized spin tt interacts with a conduction electron with

spin s,which leads to a spin po18rization of the conduction electron。 「rhis polatrization

interacts with another spin SJ・ localized on an ionブ and therefore creates an indirect
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Fig.2.2 Density of states of the 4/ electron in the Ce compound (Ce3+), cited from
ref. (10).

interaction between the spins S1 and 51. This indirect interaction extends to the far
distance and damps with a sinusoida] 2kF oscillation, where k,' 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,
Ieading to magnetic order of which the ordering temperature roughly follovrs the de Gennes

relation, (gt-l)2J(J * 1). Here g, *d J are the Land6 9 factor and the total angular
momentum, respectively.

2.2.2 Quadrupolar interaction

The quadrupolar interaction is of basic importance in the / electron magnetism as well
as the magnetic interactions such as the RKKY interaction and many-body Kondo effect.

A localized / electron possesses the a^nisotropic charge distribution due to the orbital
degrees of freedom, which yields the quadrupole moment. Therefore, the quadrupole
moment is obtained from the electrostatic energy:

E
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where ρ(r)iS the change distributiOn of∫ electrOns in the rare earth and uranium cOm_
pounds,7(r)iS the electrostatic potettial,Zc is the charge of∫ electrons,島 is the

dipole term and O」 たiS the quadrupole term.The independent terms in均 ″たOf eq.(2.8)
are the following flve ones: 2z2_z2_ν 2, ″2_ν 2,αtt νZ and z″ .「rhey are converted
into the fo1lowing quadrupole momerlts of(2め 2_島2_ら2)/、だ=03,島 2_為2=03,

島 ら 十 ろ亀 =Oαυ,ああ 十 ιろ =Oνz andめ島 十 島 あ =022,reSpecti馳 1光 which are
shown in Fig.2.3.

Oy2          02x

Fig。 2.3 Charge distributiOn Of the quadrupOle moments.

The quadrupole mOment(9「 γ couples tO the strain εFγ and distorts the crystal. FOr
example,the cubic structure in CeAg is changed into the tetragonal one when 09 becOmes

the Order parameter below 16 K.PrCu2 iS a typical example wllere the quadrupole lnOment

plays an essential role fOr the rnetamagnetic transition accOmpanying with the conversion

between the hard and easy axes lnagnetization.11)

In a form analogous tO the bilinear exchange coupling between magnetic moments,a

t■70_iOn coupling between the quadrupole l■ Oment is possible.12)This coupling between

two― bns(づ and」 )can be witten as

%Q=―κ(り )0「γ(J)OFγ (プ )・ 0.9)

A ferroquadrupolar (antiferroquadrupolar) coupling,i. e. K(i,j) > 0 (< 0), favours elec-

tronic distributions on sites i and 7 such that their quadrupole moments are parallel (per-
pendicular) to the local z axes. A schematic picture is shown in Fig. 2.4. The primary



(a) Fenoquadrupolar ordering (K > 0)

source of this coupling is indirect Coulomb and exchange interaction via the conduction
electrons, which is analogous to the RKKY interaction.

Fig. 2.4 Schematic representations of (a) ferroquadrupolar and (b) antiferroquadrupolar
orderings.

In particular, antiferroquadrupolar compounds such as CeB6,13) 1-1"ta; and PrPb315)

show an interesting f1 7 phase diagram (see Fig. 2.5). Namely, the antiferroquadrupolar
transition temperature 7a increases by applying the magnetic field. This behavior is not
trivial, and has brought about various arguments.16-22)

2.2.3 Dense Kondo effect

Higher I/ tends to enhance the hybridization of the 4f electrons with conduction
electrons, thus accelerating the delocalization of the 4/ electrons.23) The delocalization
of 4f electrons tends to make the 4f band wide. When EJ > V, we have still better
localization and expect the Kondo regime in the Ce (or Yb) compounds.

The Kondo effect was studied for the first time in a diiute alloy where a ppm range

of the 3d transition metal is dissolved in a pure metal of copper. Kondo showed the
transition impurity diverges logarithmically with decreasing temperature, and clarified
the origin of the long standing problem of the resistivity minimum. This became the

start of the Kondo problem, and it took ten years for theorists to solve this divergence

problem at the Fermi energy.

The many-body Kondo bound state is now understood as follows. For the simplest case

of no orbital degeneracy, the localized spin ,5(f ) is coupled antiferromagnetically with the

spirr of the conduction electron s(]). Consequently the singlet state {S(J).s(J)+S(J).r(1)}
is formed with the binding energy ksTx. Here the Kondo temperature 7K is the single

energy scale. In other words, disappearance of the localized moment is thought to be

(b) Antiferroquadrupolar ordering (K < 0)
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Fig. 2.5 I/-? phase diagram in CeB6, cited from ref. (13).

due to the formation of a spin-compensating cloud of the electron axound the impurity
moment.

Kondelike behavior was observed in the lanthanide compounds, typically in Ce and
Yb comporro6t.2a-26) For example, the electrical resistivity in Cerlal-rCuo increases

logarithmically with decreasing temperature for all c-values,6) as shown in Fig. 2.6. The
Kondo effect occurs independently at each Ce site even in a dense system. Therefore, this
phenomenon was called the dense Kondo effect.

The Kondo temperature in the Ce (or Yb) compound is large compared to the magnetic
ordering temperature based on the RKKY interaction. For example, the Ce ion is trivalent
(J : 512), and the 4/ energ' level is split into the three doublets by the crystalline electric
field, namely possessing the splitting energies of A1 and Az (see Fig. 2.7ro)).The Kondo
temperature is given as follows:27)

一

／

１

ヽ
ｐ∝Ｄ〓錢 31な ID(EF)

when T>△ 1,△ 2 (2.10)

(2.11)

and

吸 =轟 D αp(一
π石耳:軍可5)山

mT<い ・

Here D,1亀Kl and D(I卜 )alle the bttd width,exchange energy and density of stttes,
respectively.If we postulate TK π 5 K,for D=104K,△ 1=100 K εmd△2=200K,
the value of繊 鐸 50 K is obtdned,油 ich is compared to the S=;― Kondo temperature

10
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Fig. 2.6 Temperature dependence of the electrical resistivity of La1-"CerCu6, cited from
ref. (6).

of 10-3K defined as ?i! : Dexp(-I/lJ.*lD(Er)). Theses large values of the Kondo
temperature shown in eqs. (2.10) and (2.11) are due to the orbital degeneracy of the 4,f

Ievels. Therefore, even at low temperatures the Kondo temperature is not Zll? Uut fr
shown in eq. (2.11).

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

2.2.4 Heavy Fermion system

The ground state properties of the dense Kondo system are interesting in magnetism,
which is highly different from the dilute Kondo effect. In the Ce intermetallic compounds
such as CeCu6, Ce ions are periodically aligned whose ground state cannot be a scattering
state but becomes a coherent Kondo-lattice state. The electrical resistivity p decreases

steeply with decreasing temperature, following p N A?2 with a large value of the coef-

ficient A.28) The 1/-A-vafue is proportional to the effective mass of the carrier and thus
inversely proportional to the Kondo temperature. Correspondingly, the electronic specific
heat coefficient 7 roughly follows the simple relation 1 x I}a f Ty (mJ/K2mol) because

0.01 100
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Fig。 2.7 Level scheme of the 4r electron in Ce3+,cted iom rd(10).

the Krallners doublet of the 4J levelS iS Changed into the γvalue in the Ce compOund:
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(2.13)

Thus

γ=f芸
ぎ
≧=ユ♀まゴ
里1(IIIJ/K2111。 1). (2.14)

It reaches 1600mJ/K2mol for CeCuo because of a small Kondo temperature of.4K. The
conduction electrons possess large effective masses and thus move slowly in the crystal.
Actually in CeRuzSi2 an extremely heavy electron of 120 rn6 is detected from the de Haas-
van Alphen (dHvA) effect measurements. Therefore the Kondo-lattice system is called a
heavy electron or heavy Fermion system. The Ce Kondelattice compound with magnetic
ordering also possesses a large 7-value even if the RKKY interaction overcomes the Kondo
effect at low temperatures. For example, the 7-value of CeB6 is 250mJ/K2mol, which is

roughly one hundred times larger than that of LaB6, 2.6 mJ/K2mol.
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When E1 < V, the 4/ electrons may tend to be delocalized, manifesting the valence
fluctuation regime. CeSn3 and CeNi were once called valence fluctuation compounds or
mixed valent compounds. The magnetic susceptibility in these compounds follows the
Curie-Weiss law at higher temperatures than room temperature, possessing the magnetic
moment near Ce3*, while it becomes approximately temperature-independent with de-
creasing temperature, showing a broad manimum around 150-200 K.2e) Thus the valence
of Ce atoms seems to change from Ce3+ to Cea+ (non-magnetic state) with decreasing
temperature.

A significant correlation factor is thought to be the ratio of the measured magnetic
susceptibility X(0) to the observed ?-value:m)

μB2gJ2J(J+1)
(2.15)

This ratio .B'sy is called Wilson-Sommerfeld ratio. Stewart evaluated l?ry for the heavy
Fermion system, as shown in Fig. 2.8.31) He suggested that in the / electron system -Rw is
not 1 but roughly 2. A deviation from Rw : 1 depends on the strength of the many-body
effect. Kadowaki and Woods stressed the importance of a universal relationship between
A and 7 as shown in Fig. 2.9.32) They noted that the ratio Af f has a common value of
1.0 x 10-5 pr0 .cm Kzmol2 f mJ2.

Fig。 2.9 Kadow」は一Woods plot,  cited from
re■ (32).
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2.2.5 Fermi surface study

Fermi surface studies are very important to know the ground-state properties of the
various magnetic compounds.34'35) Even in the localized system, the presence of 4f elec-
trons alters the Fermi surface through the 4/-electron contribution to the crystal potential
and through the introduction of new Brillouin zone boundaries and magnetic energy gaps

which occur when 4/ electron moments order. The latter effect may be approximated by
a band-folding procedure where the paramagnetic Fermi surface, which is roughly similar
to the Fermi surface of the corresponding La compound, is folded into a smaller Brillouin
zone based on the magnetic unit cell, which is larger than the chemical unit cell.

If the magnetic enerry gaps ansociated with the magnetic structure a,re small enough,
conduction electrons undergoing cyclotron motion in the presence of magnetic field can
tunnel through these gaps and circulate the orbit on the paxa,magnetic Fermi surface.
If this magnetic breakthrough (breakdown) effect occurs, the parn,magnetic Fermi sur-
face may be observed in the de Haas-van Alphen (dHvA) effect even in the presence of
magnetic order.

For Kondo lattice compounds with magnetic ordering, the Kondo effect is expected
to have minor influence on the topolory of the Fermi surface, representing that the Fermi
surfaces of the Ce compounds are roughly similar to those of the corresponding La com-
pounds, but are altered by the magnetic Brillouin zone boundaries mentioned above.
Nevertheless the effective ma,sses of the conduction carriers are extremely large compared
to those of La compounds. In this system a small amount of 4f electron most likely
contributes to make a sharp density of states at the Fermi enerry. Thus the energy band
becomes flat around the Fermi enerry, 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.b4p"lCq has a
maximum at a characteristic temperature Tr^o, and becomes constant at lower temper-
atures. This characteristic temperature ?"-* corresponds to the Kondo temperature fi1.
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 correspond-
ing La compound. The cyclotron mass is also extremely large, reflecting a large 7-value
of 1- l|alTy (mJ/K2mol).

2.2.6 General property of uranium compounds

The 5/ electron system, including U compounds, a,re particularly interesting in the
sense that they bridge the gap between the 3d and the 4/ electron systems. The 5/
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 5/ band model, similar to the 3d transition metals and their
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intermetallic compounds. The dHvA effect was mea^sured in some of these U compounds.

The 5/ band model can explain the observed dHvA results very well.

The discovery of heavy Fermions in rare earth compounds encouraged the search and

study of the heavy Fermion states in the actinide compounds and actually some heavy
Fermion systems are found in the U compound too. In particular, UPt3, UBe13, URu2Si2,

UPd2Ab and UNizAl3 show unconventional superconductivity with magnetic ordering.
Coexistence of superconductivity and magnetism accelerated, furthermore, the study of
heavy Fermion U compounds. In many respects, however, the heavy Fermions in the U
compounds are different from those in the rare earth compounds, and thus Fermi surface

studies are interesting and very important. Such studies have actually been done in some

of these materials and they ofier interesting information.
We will summarize the characteristic features in the U compounds:

(1) The magnetic ordering temperature is in a wide temperature range from close 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 ps/U) to 3 p,uflJ,
which is compared to about 31t"/Pr.
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Chapter 3 Review

3.1 RPbg (R : La, Pr, Nd, Sm, Eu, Gd and Yb)
Many RXs and UX3 compounds possess the AuCu3-type cubic crystal structure, which

belongs to the space group Pml3m. Figure 3.1 shows the crystal structure of AuCu3-type
where the corner-sites are occupied by the R or U atoms and the face centered site are

occupied by the X atoms.

Fig. 3.L AuCu3-type cubic crystal structure.

RPba (R: La, Ce, Pr, Nd, Sm, Eu, Gd and Yb) compounds also crystallize the AuCu3-
type cubic crystal structure. Characteristic properties of RPb3 are listed in Table 3.1

Table S.L Characteristic properties of RPb3 compounds with the AuCu3-type cubic crys-
tal structure. AF: antiferromagnetic. AFQ: antiferroquadrupolar.

L就伍∝

ぶ

ta)繹

動
Lm譴 建

LaPb3
CePb3
PrPb3
NdPb3
SmPb3
EuPb3
GdPb3
TbPb3
DyPb3
HOPb3
EIPb3
YbPb3

4.603 Pauli Para.

4.874  1.1

4.860 TQ=0.4
4.852  2.7

4.835  5.5

4.915  20

4.826  16

4.810  15

4.806  11

4.800  3.7

4.797  5

4.862 Pauli Para.

３

１

３

６

６

２

３

３

AF, heavy Fermion (l : I.\J/K2mol)
AFQ, f3 ground state

Eu2+

Yb2+

7.5

7.6
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10。20

10.0
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1) PrPb3

PrPb3 iS the most interesting compound in RPb3,WhiCh was studied from a宙 ew point

of quadrupolar ordering。 36)The magnetic susceptibility shows Van Vleck paramagnetic

at low temperatllres, as shown in Fig. 3.2.37) The Speciflc data exhibit, in Fig. 3.3,

a large anomtt at O.35K,説 which the entropy is dose to RIn 2.38)This alomaly

is due to the quadrupolar ordering, leading to a non-lKrmmers doublet Γ3 aS the CEF
grOund stateo The r3 grOund state is chaFaCterized by possessing no magnetic moment

but quadrupole moment.The 4J level SCheme ofthe CEF was determined by〔 m inelastic

neutron scattering experilnent.39)「 3 iS the ground state, as exp∝ ted froln the spec五 c

heat data,and excited levels tte r4,P5and「 1,which are separated by 19,29,47K,
resp∝ tively±om 

「
3, aS Shown in Fig。 3.4. The analyses of the parastriction and the

third―order magnetic susceptibility indicated negttive quadrupolar parameters。 40)An

antiおrroquadrupolar ordering is therefore redized,譴 d(09)iS the order parameter for

the neld along(100)direCtiOn in the present cubic system.

There are only a few exalnples known as antiferroquadrupolar compounds in litera―

ture,namely CeB6,TmTe,Ce3Pd20Ge6 and TmGa3・ 13,14,41,42)The antiferroquadrupolar

ordering phases for these compounds alre very narrow in the temperatllre range because

the successive antiferromagnetic ordering occllrs at a lower temperatllre. On the other

hand,PrPb3 iS a gOod candidate to study the antiferroquadrupolar ordering state because

of no magnetic ordering。

RPb3

1__ュ ノ́ ― W=J65“ 883

-W8● 7κ ■●■1
0■

・̈，
３
■

lo           20
TE"'CRAtunE〔

“
〕

Fig. 3.2 Inverse magnetic susceptibility of PrPb3, cited from ref. (40). Closed circles are
the experimental data. Solid and broken lines are results of the CEF calculation.

2) Other RPb3 compounds

LaPbs is a Pauli paxamagnetic compound without 4/ electrons, so that it would be a
good reference compound for the other RPh.

CePfu undergoes an antiferromagnetic transition at 1K. Extensive studies have been

carried out in CePb3, because the competition between the Kondo effect and the antifer-
romagnetism is realized. The electronic specific heat coefficient is about 1500 mJ/K2mol
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Fig. 3.3 Specific heat at low temperature in
PrPb3, cited from ref. (38).

46.5]K

28。9]K

19。4K

OK

Fig。 3.4 CEF level scheme in PrPb3 dG
termined by the inelastic neutЮn
scJじteHng expe五 ment, cited iom
rd(39).

「
1

聴

Ｌ

「
3

and this compound is recognized as the typical heavy Fermion compound. Moreover,
CePfu wa"s once studied from the viewpoint of field-induced superconductivity, which was

denied but characterized by a large negative magnetoresistance,43) most likely based on
the Kondo effect.

NdPb is an antiferromagnet with the N6el temperature of 2.7 K.e) The magnetization
of the polycrystalline sample in NdP\ increases monotonously with increasing field up to
270kOe, indicating no metamagnetic transitions. Ebihara et aI. canied out the de Haas-
van Alphen experiments in NdPbs and determined the Fermi surfaces.4s) Figure 3.5 shovrs

the angular dependence of the dHvA frequency in NdPfu. Main Fermi surfaces consist of
four closed ones, which were well explained by the FLAPW band calculations. Reflecting
the magnetic Brillouin zone which is smaller than the paxamagnetic one, small pocket

Fermi surfaces are observed. The cyclotron effective masses are in the range from 0.4 to
3mo.

Considering the same value of J : 5/2 in Ce3+ and Sm3+ ion, the Kondo effect

would be expected in Sm-compounds. Actually, there are some reports which claims the
existence of Kondo efiect in SmX3 (X : Pb, In, Sn, Tl, Pd).46-48) SmPbs undergoes an
antiferromagnetic transition at 5 K. The specific heat at low temperature shovrs the Fermi

liquid-like ?-linear feature with a large 7-value of about 100 mJ/K2mol.a6) In magnetic

susceptibility and ultrasonic measurements of SmPb3, it was clarified that the ground

state multiplet splits into fs quartet and fz doublet which are the ground state and
excited state at A : 60 K, respectively. The ultrasonic measurements indicated that

呻―

TC● K)
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Fig. 3.5 Angular dependence of the dHvA frequency in NdPbs, cited from ref. (45).

Sm3+ of SmPfu shows no valence fluctuation, and quadrupolar interactions are relatively
strong.aT)

EuPb3 is a divalent metal possessing the magnetic moment.4e'50) Namely, the spin
angular momentum number is S : 7 f 2, although the orbital angular momentum number
.L is zero. In fact, an antiferromagnetic ordering occurs below 20 K. The valence electrons,
where the conduction electrons a,re formed from Eu (6s2) and Pb (6s26p2), are in principle
the same as in YbPfu. The Fermi surface of EuPbs is therefore expected to be similar to
that of YbPb3, although it would be modified by the magnetic Brillouin zone boundary.

GdPh becomes an antiferromagnet below 17 K.
YbPh is known to be a Pauli-pa^ramagnetic compound with Yb2+ (Af'n). The electri-

cal resistivity shows a usual ?-linear dependence.sl) Fbom the specific heat measuremenrs,

the 7-value and the Debye temperature are estimated at l.9mJ/K2mol and I22K, respec-

tively.5l) The conduction electrons a,re formed from the valence electrons of Yb (6s2) and
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Pb (6s26p2). YbPb is thus a compensated metal with equal numbers of electrons and
holes, which is highly different from an uncompensated metal of La(5d16s2)Pbr.

3.2 RIn3 (R : Ce, La, Yb)
RIn3 (R - Ce, Pr, Nd, Sm, Gd, Tb, Dy Ho, Er, Tm, Yb, Lu) compounds also

crystallize in the AuCu3-type cubic structure, as shown in Fig. 3.1.

Among RIn3, CeIn3 is a well knovrn Kondo-lattice compound, showing antiferromag-
netic ordering at 10 K. Recently, a superconducting transition was observed below 200 mK
under pressure of 25 kbar.s2) Fermi surface properties was once studied by the dHvA ex-
periments.s3-55)

The dHvA mea.surements were done in a non-/ reference compound LaInB.56-5e) Fig-
ures 3.6 shows the angular dependence of the dHvA frequency in LaIn3. Branch a orig-
inates from the band 7-electron Fermi surface, while the others originate from the band

Ghole Fermi surface, as shown in Fig. 3.7. The latter Fermi surface consists of three
kinds of major parts, which are centered at the f, R and X points. Among them, a Fermi

surface centered at f, denoted by d, is electron in dispersion and is spherical in topologr,
bulges slightly along the (100) direction and connects with another part of the Fermi

surface centered at R by the slender arm elongated along the (111) direction. The arm is
denoted by j. The topolory of Fermi surface is similar to that of Cu, although the volume
is small compared to that of Cu.

YbIn3 also crystallizes the AuCu3-type cubic structure with a lattice constant of
4.6204. ttris lattice constant is considerably larger than those of the adjacent compound

TmIn3 and LuIn3 in the periodic table. Therefore the Yb ion is expected to be divalent,
forming 4/14 closed shell structure. From the Mossbauer spectroscopy measurement, it
was confirmed that Yb ion is divalent.60)

3.3 UXa (X : Al, Ga)

The uranium compounds UX3, where X is a IIIA or IVA element, Ru or Rh, crystallize
in the cubic AuCu3-type structure with a U-U separation dg-ur between 4.0-4.8 4.61'62)

This value of dy-u is much larger than the Hill limit for uranium compounds,63) and using

the Hill criterion, one might naively expect magnetic ordering in all of the mentioned

UX3 compounds. Instead, they display a wide range of behavior: Pauli enhanced paxa-

magnetism (UAl3, USi3, UGe3 and URh3), antiferromagnetism (UPb3, UGa3, UTl3 and

UIn3), Kondo lattice system (USq) and superconductivity (URu3).23'62'64) The different
behavior can be explained by the great variation in the /-electron hybridization with the
X atoms s, p and d orbitals.2s) The effect of the different hybridization strengths becomes

apparent in the electronic specific heat coefficient 'y which varies from 12 mJ/K2mol in
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URu3 to 170 mJ/K2mol in USn3.62'65'66) Characteristic properties of uX3 are summarized
in Table 3.2

1) UAl3

Figure 3.8 shows the electrical resistivity of UAI3 (including USn3 and UGa3).6t) 4g
low temperature, the resistivity is proportional No AT2 with a value of A that is much

larger than for typical Fermi liquids. This large value of A indicates that UAls is a spin
fluctuator.32'67)

The inverse magnetic susceptibility in UAl3 displays a weak temperature dependence

as shown in Fig. 3.9 (including USn3 and UGa3).61) No magnetic ordering is observed

down to 1.5 K, indicating a Pauli paramagnetic compound. In the other report, Curie-
Weiss behavior is seen from 240 to 800 K.68)

The electronic specific heat coefficient 1 of UAl3 is 43 mJ/K2mol,6r) which is consid-

erably large and shows that the hybridization of 5/ is strong. The 1-vaiue is constant
against the magnetic field.

The dHvA signal was observed in UAI from the pulse-field magnetization,Gl) although
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Tbble 3.2 Characteristic properties of UXr compounds

Lattice const.TN
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Fig。 3.9 111verse magnetic susceptibihty of UA13,

cited hm rd(61).

a single weak peak appeared at2.5x107 Oe along (100) in the fast Fourier transform (FFT)
spectrum. The cyclotron mass was estimated as | < milmo <-4.

Figure 3.10 shours the magnetoresistance of UAl3 (including USn3 and UGa3).61) The
data are fitted to a function of b@) - p(o)) I p(0) : Apl p x Hn. In the range from 30

to 100kOe, n is determined as 1.83.

Cornelius et al. ca\atlated the band structure of UAl3 on the basis of the 5/ itinerant
model, as shown in Fig. 3.11.61) In their calculation there is altogether only one open
Fermi surface. On the symmetry axis R-f there is one band that is close to, but does

not cross ep. On this Fermi surface there is one extremal orbit centered at the f-point,
and also a la.rge "dogs bone" type in the extended zone scheme, centered at the R-point.
The calculated electronic specific heat coefficient is 16 mJ/K2mol, which is a factor of 2.5

smaller than the experimental value.
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2) UGa3

UGa3 attracts special interests because of its anomalous magnetism. Figure 3.12 shows
the lattice constants of UX3 compounds, where X is a IIIA or IVA element. It is worth
noting that the lattice constant of UGa3 is less than that of UAl3. It would be expected
the lattice would expand as one moves down a column in the periodic table as seen in the
IVA series, where a large parameter of UGe3 is by 0.174 hrger than that of USi3. This
a,nomalous behavior of the lattice parameter in UGa3 relative to UAI3 is attributed to the
much larger hybridization in UGa3, causing the formation of 5/ bands which lower the
U-U spacing.

Kaczorowski et aI. measured the electrical resistivity, as shown in Fig 3.13.6e) The kink
at 65 K, which corresponds to the antiferromagnetic ordering, is observed. In the early
Iiterature, this kink was not detected due to the difficult availability of the high-quality
sample. A T2-dependence of the resistivity is observed below 20 K.

The specific heat was measured by the Kaczorowski et al., as shown in Fig.3.14. As
is apparent from this figure, the phonon contribution to the specific heat is dominant
and the magnetic one is extremely small. The estimated magnetic entropy is 0.14R1n2
at the N6el temperature. Flom this reduced magnetic entropy and weak-temperature
dependent magnetic susceptibility (mentioned below), they concluded that the basis of
the magnetism in UGag is 5/-itinerant. The electronic specific heat coefficient 7 possesses

a considerably large value of 52mJlK2mol.61)

The magnetic susceptibility in UGa3 shows the weak-temperature dependence. There
is no evidence for Curie*Weiss behavior up to 1000 K,70) which has been explained by
the itinerant nature of the 5/ electrons. This itinerant view of the 5/ electron is also

supported by the pressure dependence of the N6el temperaturezr'72) and the reduced
magnetic entropy as mentioned above. Figure 3.15 shows the magnetic susceptibility
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measured by Kaczorowski et a1.73) The pronounced manimum at 65 K corresponds to an
onset of antiferromagnetic ordering. The other two singularities at 40 and 8 K, which
were also observed by the thermal conductivities,Ts) are unknown in origin.

FYom the neutron scattering experiments, it was confirmed that the transition at
65K is antiferromagnetic.Ta'75) The ordered magnetic moment of uranium was about
I ttB/U. The magnetic structure consists of spins that are ferromagnetically aligned in
(111) planes with adjacent (111) planes, being antiferromagnetically coupled. The di-
rection of the magnetic moments is, however, unknown. Very recently, Dervenagas ef

oL carried out the neutron diffraction mea,surements on a single crystal.T6) The ordered

moment is 0.7a(8) pslU at 5 K. They claim that the moments are most likely along the

[111] direction. As shown in Fig.3.16, at about 40K a rapid change in the intensity of
the strong nuclear reflections are observed, resulting from a change in the mosaic spread

of the crystal. This may be due to either a small crystallographic distortion or it can
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be of magnetic origin (moment reorientation). The latter possibility is supported by the
anomaly of the susceptibility at 40 K, as mentioned above.

Cornelius et al. observed the dHvA oscillations by the pulse.field magnetization.ol) The
measurement was done only for a field along (100) direction. Figure 3.17 shows the dHvA
oscillation and the FFT spectrum. Cornelius et aL insisted that there is a meta,rnagnetic

transition at 120kOe and the dHvA frequencies are different between above and below
metamagnetic transition, indicating a major reconstruction of the Fermi surface. The
existence of the metamagnetic transition is, however, less reliable, because the anomaly

of the transition is very small.

The band structure calculation was done by Cornelius et al.6l) In their calculation,
the total energy with the moment along [100] direction is lower than that along [111]
direction. Thus they assumed that the moment is aligned along [100] and calculated the
band structure, as shown in Fig. 3.18. Here, the magnetic unit cell is the fcc structure
so that the magnetic Brillouin zone is half of the volume of the paramagnetic one. This
is always true even if the moment is aligned along other directions, because there is an

evidence from neutron experiment that adjacent (111) planes are antiferromagnetically
coupled. The calculated Fermi surfaces and its parameters in antiferromagnetic state are

shown in Fig. 3.19 and Table 3.3.

As found in alloying experiments on the pseudobinary U(Ga1-"Ger)s system,77) where

UGes is a Pauli paramagnet, the antiferromagnetic state of UGas is very sensitive to any
disorder in the metalloid sublattice. Upon substitution of Ge for Ga, a rapid decrease

in the N6el temperature was observed, and for r 2 0.18 the magnetic order was found
to disappear. Similar properties were also found for another isomorphous alloy system,
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Fig. 3.18 Calculated band structure of UGa3 in
the antiferromagnetic state, cited from
ref. (6i).

(a)

(b)

Fig.3.19 Calculated Fermi surfaces of UGa3 in
the antiferromagnetic state, cited from
ref. (61).

Orbit center lemi surfde aM (lD Band m6 (2.)

r

Thble 3.3 Calculated Fermi surface parameters of UGa3 in the antiferromagnetic state,
cited from ref. (61).

U(Ga1-rAl,)3, where antiferromagnetic order disappears at r - 0.2.78) On the other
hand, in the pseudobinary alloy U(Ga1-,Sn,)s, where USn3 is a Kondo lattice compound,

the N6el temperature initially strongly rises with increasing r, reaches a maximum value

of 102 K at r : 0.2 and finally decreases to zero at tr - 0.5.6e)

3.4 UX2(X=P,As,Sb and Bi)

Uranium dipnictides UX2(X=P,As,Sb and Bi)CryStallize in the tetragonal structure

of anti―Cu2Sb(DL Or P4/η πm).They order antibrromagnetically bel(Ⅳ  relatively high

N6el temperatures.79-81)ル Iagnetic lnoments of uranium ions are aligned ferromagnetically

in the(001)planes,which are stacked along the ЮO」 direction in an antiferromagnetic
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(tJtl) sequence in UP2, UAsz and USb2, as shown in Fig. 3.20 (a).82-84) In the case of
UBi2, this sequence is (tlll), as shown in Fig. 3.20 (b).84) It is worth mentioning here

that the magnetic unit cells of UP2, UAs2 and USbz are doubled with respect to the
chemical unit cells along [001], which bring about flat magnetic Brillouin zones. The ratio
of the length in the magnetic Brillouin zone is k"lko: 0.2434.245. On the other hand,
the magnetic unit cell of UBi2 is not elongated but the same as the chemical one, so that
the magnetic Brillouin zone is not fattened, although the ratio k.lko is fairly a small value
of 0.499.

The characteristic properties of UXz (X : P, As, Sb and Bi) are summarized in
Table 3.4.

R As,Sb

一

[1∞ ]

[010]

Fig。 3.20(a)Tetragonal magnetic unit cdl of UP2,UAs2 and USb2・ (b)Tetragonal
magnetic unit cell of l」 Bi2

1) USb2

USb2 orders antiferromagnetically below 7N : 203 K. The ordered moment is 1.88 p"lU.'n)
A strong anisotropy of the resistivity appears in USbz, as shown in Fig. 3.21.85) This

③
③

や③
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Tbble 3.4 Characteristic properties of ura^nium dipnictides UX2 (X : P, As, Sb and Bi).

cは)α は )た
C/礼
卜

胃

おt出

 師 J/12mOり 碓 ‰ )(進 ■ )
UP2  7.76  3.80  0.245   3.81   204(↑ ↓↓↑)  27      2     2.29

1.61     2.94

1.88     3.04

2.1     3.4

UAs2 8.12 3.95 0.243  3.95  274(↑ ↓↓↑) 11.7
USb2 8.75  4.27  0.244   4.27   203(↑ ↓↓↑) 26
UBi2  8.91  4.45  0.499   4.45   181(↑↓↑↓)  20

measurement along [001] (c-a:ris) was done by the Montgomery's method,86) which is often
applied to the layered sample. A large hump below ?y along [001] (c-axis) suggests the
reconstruction of the Fermi surfaces due to the magnetic Brillouin zone.

SC

Fig. 3.21 Electrical resistivity of USbz, cited from ref. (85).

The number of carrier is estimated at 6.2 x 1021cm-3 from the Hall coefficient.8s)

Most of the magnetic and thermal properties were clarified and discussed on the basis

of the crystalline electric field (CEF) model and molecular field approximatiotm.s0'87'88)

In many aspects, however, the uranium compounds a,re different from the rare earth
compounds with the localized 4f electrons. The 5/ electrons in the uranium ions have an

intermediate character between the localized 4f electrons and the itinerant 3d electrons

in the transition metal compounds.

3.5 UCd11

Ucdll is a heavy Fermion compound with the cubic BaHg11-type structure, as shown

in Fig. 3.22. The lattice constant is g.29 A and the distance between uranium ions is

１
１
〓

〕ヽ
書
‘Ｌ
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du-u:6.564, which is much larger than the Hill limit (du-u = 3.54).63)
The specific heat C in the form of C lT is proportional to T2 in the temperature range

from 7 to 13K, indicating a large electronic specific coefficient 7 of 840mJ/K2mol.8s)

UCdl1 undergoes an antiferromagnetic transition below ?h : 5 K. It is noted that there

appears a shoulder at 3-4K in the specific heat. Interestingly, this shoulder is most likely
changed into a small but clear peak in higher fields than 140kOe as shown in Fig. 3.23,

suggesting the second phase transition below ?N.so)

As shown in Fig. 3.24, the magnetic susceptibility exhibits Curie-Weiss behavior above

80 K with Fetr :3.45 1,tulU and Oo : -20 K.

When external pressure is applied to UCd11, two further transitions are inferred from
anomalies in the resistivities.el) While the exact nature of these transitions is unclear, it
has been proposed that at least one of them corresponds simply to a spin reorientation
of the complicated magnetic structure.

The antiferromagnetic structure is little known mainly because Cd is a neutron at>-

sorber. The previous elastic neutron scattering experiments only suggested that an or-

dered moment is less than 1.5 l"lU.n') The magnetic structure is unknown.

Fig. 3.22 Cubic BaHgrr-type structure of UCdrr.
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Chapter I Experimental

4.L Single crystal growth

4.L.1 Self-flux method

The self-flux method used for the growth of single crystals corresponds to a slow
cooling process of the premelted components, taken in non-stoichiometric amounts. This
method is applied for obtaining single crystals of magnetic oxides and high-?" cuprates.
The advantages of this technique are:e3'e4)

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

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

(3) There a,re no stoichiometric problems caused, for instance, by oxidation or evapora-
tion of one of the components. Single crystal stoichiometry "control" itself.

(a) This technique can be applied to the compounds with high evaporation pressure,

since the crucible is sealed in the ampoule.

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

"poor ma,n's" technique.gS)

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

special consideration.

1) Example

RPh (R : Pr, Sm, Eu, Gd, Yb), YbIn3, UXa (X - Al, Ga, In, Sn, Pb), UX2 (X :
Sb, Bi) and UCdrr were grown by the self-flux method. Here, we mention the process in
USbz as an actual example. The other examples are summa,rized in Appendix.
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We used the high-quality alumina crucible (Al2O3: 99.9%) as a container with outer
diameter of 15.5 mm, inner diameter of 11.5 mm and length of 60 mm. Since the crucible

usually contains impurities, we clean the crucible in alcohol, and bake it up to 1070 "C
under high-vacuum (less than 1 x 10-6torr), as shovrn in Fig. 4.1.

Fig. 4.1. Baking of an alumina crucible.

Figure 4.2 shows the U-Sb phase diagram. The ofi-stoichiometric atomic ratio of U
and Sb is determined as 6.5 and g3.5To. The melting point of this composition is 1050'C.
Generally, large crystals in size and much amount of crystals are obtained, when the ratio
of the starting materials is close to the stoichiometry. However, it raises up the melting
point and is prolonged for the total procedure of the growth. Conta,mination from the
crucible may not be negligible. F\rrthermore, we should retain the melting point less than
1070 oC, which corresponds to just below the temperature softening quartz ampoule and

the limit of the electronic furnace.

The starting material of U (purity: 99.97%) is etched by HNO3, md that of Sb (purity:

99.9999 %) is cleaned in alcohol by a ultrasonic washer. We put these materials into the

alumina crucible and sealed in a quartz ampoule with 170 mmHg Ar pressure, which is
adjusted to reach at l atm at the highest temperature.

Next we set the sealed ampoule in the electronic furnace, as shown in Fig. 4.3. The fur-
nace possesses the temperature gradient naturally. As we know from our own experience,

the better results is obtained when we put the ampoule where the temperature is more

homogeneous. Therefore, we placed the ampoule at the highest- and the flat-temperature
gradient position. Nevertheless, the temperature gradient is useful for growing some com-

pounds. There are some reports of growing crystals by temperature gradient method (ex.

GdB6).e3)

The furnace is controlled by the PID temperature controller with Pt-PtRIl3% (type-

R) thermocouple. Figure 4.4 shovrs the block diagram of the furnace control system. In
this system, we obtain the temperature stability less than 0.1'C.

A growing process of USb2 is presented in Fig. 4.5. Since the evaporation pressure of
Sb is high, we increased the temperature with a rather low rate of 9.8 "C/hr from 600 to
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1070'C. Then we retained 1070 "C for 48 hours and started to decrease the temperature
with 0.4'Clh. The cooling rate was gradually increased with decreasing the temperature
and the furnace was switched off at 100 "C. Here we note that the quick cooling rate
might induce thermal strains of the crystal or cracks of the crucible. Total time for this
process was 38days.

1000
USb2

200   400   600

Time(hOurs)

800

Fig. 4.5 Time dependence of the temperature during the self-flux growth of USbz.

After taking out the ampoule from the furnace, we opened the ampoule and sealed it
again in a quartz ampoule under high vacuuil, ffi shown in Fig. 4.6. The ampoule was

heated above the melting point of the flux (680 oC for Sb) in the muffie furnace. Next the
ampoule was taken out quickly from the furnace and was set into the centrifuge. Then
we removed the flux from the crystals by spinning the ampoule in the centrifuge.

Fig. 4.6 Separation of flux and crystals by spinning the ampoule in the centrifuge.

Figure 4.7 shows the photograph of the obtained single crystal. The typical dimensions

were 10mm and 5mm in cross-section along [100] and [001], respectively. It was easily

cleaved at the (001) plane, reflecting the layered crystal structure, as mentioned in Sec. 3.4.

００５

（０
し
出
〓
雷
Ｌ
Ｆ
【ｏト

ＯＬ

。

quartz or glass

35



一出
蹴

一＝
＝
〓

Fig. 4.7 Photograph of the USb2 ingot.

4.L.2 Chemical transport method

Both UP2 and UAs2 were grown by the chemical transport method in a closed quartz

ampoule.

Figure 4.8 schematically shows this method. In our example, transporting agent was

iodine. At the lower temperature zone the feed substance decomposes forming iodine

containing the gaseous components. Under the influence of the temperature gradient these

components are transported into a higher temperature z,one. At the higher temperature
zone, iodine decomposes and the starting compound is again present. The result of crystal
growth depends mainly on the choice of the temperature.

The stoichiometric amounts of U and As (P) were sealed together with 3 mg/cm3

iodine in an evacuated quartz ampoule. The ampoule was gradually heated up and was

retained at 750 "C (800 "C) without temperature gradient. It took 4 or 5 days for pre-

reaction with U and As (P). Then we set up the ampoule in the temperature gradient

of 900 1750'C (900 / 800'C )for 20 days. Numerous whisker-like single crystals have

grown on the wall of the ampoule. In Fig. 4.9, we show a typical single crystal with
dimensions of 4 x 0.2 x 0.05mm3 along [100], [010] and [001] axes, respectively.

4.2 Electrical resistivity

4.2.L Introduction to the electrical resistivity

An electrical resistivity consists of four contributions: the electron scattering due to
impurities or defects p6, the electron-phonon scattering pon, the electron-electron scatter-

ing pe-e and the electron-magnon scattering p-.g:

P: Po* Ppt * Po" * Pmae.

“

.1)

This relation is called a Matthiessen's rule.

The po-value, which originates from the electron scattering due to impurities and

defects, is constant for a variation of the temperature. This value is important to know
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the quality of an obtained sample. If po is large, the sample contains many impurities
or defects. A quality of a sample can be estimated by determining a so-called residual

resistivity ratio (RRR : po/ p), where pnr is the resistivity at room temperature. Of
course, a large value of RRR indicates that the quality of the sample is good.

Let us introduce a scattering lifetime rs and a mean free path ls from the resistivity.
The residual resistivity po can be written as

n1,* 1
Po: n" ' i, @.2)

where n is a density of carrier and e is an electric charge. Then 16 and Js values axe

n"L*To: 
-,,nepo

Is:'upTs:

ρ(7)=恥 十pe_e(7),

=島 +スT2,

恥
一呻

(4.3)

(4。4)

The temperature dependence of po5, which originates from the electron scattering by
phonon, changes monotonously. ppr, is proportional to ? above the Debye temperature,
while it is proportional to 75 fa.r below the Debye temperature, and pprr will be zero at
T :0.

In the strongly correlated electron system, the contribution of p*", which can be

expressed in terms of the reduction factor of the quasiparticle and the Umklapp process,

is dominant at low temperature. Therefore, vre can regard the total resistivity in non-

magnetic compounds at low temperatures as follows:

where the coefficient tE, is proportional to the effective mass. Yamad.a and Yosida ob.

tained the rigorous expression of p+" in the strongly correlated electron system on the

basis of the Fermi liquid theory.28) According to their theory, pe" is proportional to the

imaginary part of the / electron self-energy Alc, and Alc is written as
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where loo is the four-point vertex, which means the renormalized scattering interac-

tion process of lc(o)k'(o) -, k' + q(o)* - q(o), ff, is denoted as f1i(k1, kz;lcs,ka) -
frr(kr, kzika,lca), and Di(0) is the true (perturbed) density of states of / electrons with
mutual interaction in the Fermi level. This Alc is proportional to the square of the

enhancement factor and gives a large ?2-resistivity to the heavy Fermion system.
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In a magnetic compound, an additional contribution to the resistivity must be taken
into consideration, namely p-"g. This contribution describes scattering processes of con-
duction electrons due to disorder in the arrangement of the magnetic moments. In general,

above the ordering temperat[r€ ?ord, p-"g is given by

ρmag==:;;;:::|;ヽ12(gJ_1)2J(J+1), (4.8)

where Jo is the exchange integral for the direct interaction between the local moments and
conduction electrons. When T : To16, pmag shows a pronounced kink, and when T l Tora,

Pmag strongly decreases with decreasing temperature. The magnetic resistivities in the
actinides, however, are ascribed to strong scattering of the conduction electrons by the
spin fluctuations of 5/ electrons. This contribution to the resistivity at low temperatures
is given by the square of the temperature, namely pmas : AtT2. In the heavy Fermion
system, the coefficient A' is extremely large. Therefore, pmag a,nd pee Ne insepa^rable and

Pmag ca,r be considered to change to p*". An analogous situation occurs to the specific
heat, Namely, in the heavy Fermion system, the magnetic specific heat C-o is changed
into a large electronic one C".

4.2.2 Experimental method of the resistivity measurement

We have done the resistivity mea.surement using a standard four probe DC current
method. The sample was fixed on a plastic plate by an instant glue. The gold wire with
0.025 mm in diameter and silver paste were used to form contacts on the sample. Spot
welding method using platinum lead wire (0.05 mm in diameter) were also used for small
samples. The sample was mounted on a sample-holder and installed in a aHe or 3He

cryostat. We measured the resistivity from 1.3 or 0.5 K to the room temperature. The
thermometers are a RuO2 registor at lower temperatures (below 20 K) and a Au-Fe-Ag
thermocouple at higher temperatures.

4.3 Specinc heat

4.3。 l  lntroduction to the specinc heat

At 10w temperatures, the speciflc heat is written as the sum of electrOjc, lattice,

magnetic and nuclear contributions:

σ=Q+Cph+Cmag tt Cnuc

=γT+βT3+cmag十 ÷ゝ
whereス ,γ and β alle COnstants char∝ teristic of the material.

(4.o

僻.10
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The electronic term is linear in ? and is dominant at sufficiently low temperatures.
If we can neglect the magnetic and nuclear contributions, it is convenient to exhibit the
experimental values of C as a plot ot C /T versus ?2:

子
=γ tt βT2.

Then we can estimate the electronic specific heat coefficient 7. Using the density of states,

the coefficient 7 can be expressed as

γ=子 たB2D(ε F)° (4.12)

Since the the density of states based on the free electron model is proportional to the
electron mass, the coefficient 7 possesses an extremely large value in the heavy Fermion

system.

According to the Debye 73 law, for T ( Oo:

(4。
11)

(4.13)cph全
`12π

4ⅣたB(三二1)3Ξ
=β7.3,

where Oo is the Debye temperature, N the number of atoms and R the gas constant. For

the actual lattices the temperatures at which the ?3 approximation holds are quite low.

It may be necessary to be below T : @o/50 to get a reasonably pure T3 law.

If the / energy level splits due to the crystalline electric field (CEF) in the paramagnetic

state, the inner energy per one magnetic ion is given by

ECEF=(島 )=
ΣηノZ eXp(一島ルBT)
|

ΣeXp(―島ルBr)
2

where Ei and Tri a;te the energy and the degenerate degree on the level

magnetic contribution to the specific heat is given by

(1^' - 
?Ecnersch: UT .

This contribution is called a Schottky term. Here, the entropy of the /
defined as

The entropy is also described as

S=R Inフレ1

(4。
14)

り.Thus the

(4。 15)

electron S is

S=ズ
T発

計
dT・

(4.16)

(4.17)

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

C^*xfsl2 (ferromagneticordering)

xTs (antiferromagnetic ordering).

(4.18)

(4.1e)

When the antiferromagnetic magnon is accompanied with the energy gap A*, eq. (a.19)

is modified to C,,,* x ?3exp(- A^/hBT).

4.3.2 Experimental method of the specific heat

The specific heat was mea.sured by the quasiadiabatic heat pulse method using a
dilution refrigerator,3He and aHe cryostat at temperatures down to 0.2, 0.6 and 7.7K,
respectively. The sample was put on the Cu-addenda. We measured the temperature of
a sample with constant heating, and the specific heat is deduced as follows:

J・ ア・△t
(4.20)

AT
Here, AQ is the amount of heat, .I and V are the current and the voltage flowing to the
heater, respectively, At is the duration of heating and A? is the change of temperature
due to heating. The temperature was measured by the RuO2 resistor at the addenda.

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

measured.

4.4 Tlansverse magnetoresistance

4.4.L Introduction to the transverse megnetoresistance

High field transverse magnetoresistance Aplp = {p(H) - p(0)Ilp(0), in which the

direction of the magnetic field and the current are perpendicular to each other, provides

important information on the overall topology of the Fermi surface, although the exper-

imental technique is simple.3a) Under the high field condition of u"r 21, it is possible

to know whether the sample under investigation is a compensated metal with an equal

carrier number of electrons and holes (n" : rr,t,), or an uncompensated metal (r" # nn),

and whether the open orbit exists or not. Here, uc : eH /mic is the cyclotron frequency,

r the scattering lifetime, mi the cyclotron effective mass and u.r f 2n is the number of
the cyclotron cycles performed by the carrier. The characteristic features of the high field

magnetoresistance a,re summarized as follows for a.r" ) 1:

(1) For a given field direction, when all of the cyclotron orbits are closed orbits, (a) for
the uncompensated metal the magnetoresistance saturates (Lplp - .F/0), and (b) for

the compensated metal the magnetoresistance increases quadraticall1 (Lplp - H2).

σ =1浮 =
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(2) For a given magnetic field direction, when some of the cyclotron orbits are not closed

but form open orbits, the magnetoresistance increases quadratically and depends on

the current direction re Aplp - H2 cos2 o, where o is the angle between the current
direction and the open orbit direction in lc-space. This is true regardless of the state

of compensation.

In Fig. 4.10 we show this transverse magnetoresistance for a metal with partially
cylindrical Fermi surface whose cylinder a:ris is in the k -plane and deviates by an angle

o from the k -axis. Here, the current J is directed along the k -axis and the magnetic

field .EI rotates in the /c"-plane.

If we count the number of valence electrons of various rare earth and uranium com-
pounds in the unit cell, most of them are even in number, meaning that they axe compen-

sated metals. In this case the transverse magnetoresistance increases as Hn (L < n < 2)

for a general direction of the field. When the magnetoresistance is saturated for a particu-

Iar field direction, often a symmetrical direction, some open orbits exist whose directions
are parallel to J x H, namely a,:7r/2 in lc-space. We summarize in Table 4.1 the
characteristic feature of magnetoresistance in a high field at each condition.

As the magnetoresistance in the general direction is roughly equal to (w.r)2,, we carr

estimate the u"r value. If the quality of the sample is better, the magnetoresistance

becomes larger in a high field, corresponding to the longer scattering lifetime r.
The presence of open orbits is revealed by (a) spikes against a low background for

the uncompensated metal (Fig. 4.10 (c)) and (b) dips against a large background for the
compensated metal (Fig. 4.10 (d)).

4.4.2 Experimental method of the magnetoresistance

The magnetoresistance experiment was carried out at temperatures down to 0.4 K
(0.04K) and fields up to 140kOe (170kOe) by using a superconducting magnet with a
3He cryostat (dilution refrigerator). A technique of the magnetoresistance measurement

is almost the same as the electrical resistivity mea.surement. As shown in Fig. 4.11, the

current direction is fixed to a crystal symmetrical axis of the sample and the sample is

rotated in a constant magnetic field which is perpendicular to the current direction.

4.5 de Haas-\nan Alphen effect

4.5.L Introduction to the de Haas-van Alphen effect

Under a strong magnetic field the orbital motion of the conduction electron is quantized

and forms Landau levels.sa) Therefore various physical quantities show a periodic variation

with llH, since increasing the field strength ff causes a sharp change in the free energy of
the electron system when a Landau level crosses the Fermi energy. In a three-dimensional
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Fig. 4.10 Schematic picture of the transverse magnetoresistances in uncompensated and
compensated metals when a partially cylindrical Fermi surface exists. The mao-
netic field .E[ rotates in the k -plane.

43



open orbit (in k-space)

none

open orbit//J

open orbit ttJ
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on the plane suced vertical

with H
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Ъ ble 4。 l Magnetoresistance in a high fleld at each condition.

Fig. 4.11 Detailed picture of the sample holder and the inside wheel.
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system this sharp structure is observed at the extremal areas in k-plane, perpendicular

to the field direction and enclosed by the Fermi energy because the density of states

also becomes extremal. Ftom the field and temperature dependences of various physical

quantities, we can obtain the extremal area 
^9, the cyclotron mass rni and the scattering

lifetime r for this cyclotron orbit. The magnetization or the magnetic susceptibility is the
most common one of these physical quantities, and its periodic character is called the de

Haas-van Alphen (dHvA) effect. It provides one of the best tools for the investigation of
Fermi surfaces of metals.

The theoretical expression for the oscillatory component of magnetization M*" due to
the conduction electrons was given by Lifshitz and Kosevich as follows:

塩c=ΣΣ響枷 (7+島),r    e

(4.21)

(4。22)

(4.23)

(4.24)

(4.25)

(4。26)

(4.27)

(4.28)

摯″ψ
l器「
ψ助島L

RT=   ,

貿二:H蒲脱P'
λ=2π2cたB/θん・

Here the magnetizttion is periodic on 1/″ a通 has a dHvA frequency民 :

民=轟島,

Ъ =募

≒ :

which is directly proportional to the i-th extremal (ma>rimum or minimum) cross-sectional

area ,Sl (i,:1,. . .,n). The extremal area means a gray plane in Fig. 4.12, where there is
one extremal area in a spherical Fermi surface. On the other hand, three extremal axeas

exist in a gourd-shaped Fermi surface.

The factor Rr in the amplitude .46 is related to the thermal damping at finite temper-
ature ?. The factor .Ro is also related to the Landau level broadening kaTo. Here ?p is
due to both the lifetime broadening and inhomogeneous broadening caused by impurities,

crystalline imperfections and strains. ?o is called the Dingle temperature and is given by

The factor Rs is called the spin factor, and related to the difierence of phase between

the Landau levels due to the Zeeman split. When gt : 2 (free electron value) and

mtt : 0.5ms, 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 cancel out, and this can be useful for
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dHvA freque呵呂 剛 Ⅷ咄
● 1/H

(→

Fig. 4.L2 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)

determining the value of g;. Note that in
should gave a full amplitude.

The quantity l02Sl0krz1-r1z is called

cross-sectional area around the extremal

dHvA amplitude for this extremal area.

The detectable conditions of dHvA effect are as follows:

(1) The distance between the Landau levels hc,.r. must be larger than the thermal broad-

ening width kBT: hu" > ks? (high fields and low temperatures).

(2) At least one cyclotron motion must be performed during the scattering, namely

w.rf2r > 1 (high-quality sample). In reality, however it can be observed even if a
cyclotron motion is about I0% of one cycle.

(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).

4.5.2 Shape of the Fermi surface

The angular dependence of dHvA frequency gives very important information about a

shape of the Fermi surface. As a volume of Fermi surface corresponds to a carrier number,

lue can aiso obtain the carrier number of metal directly.

We show the typical Fermi surfaces and their angular dependences of dHvA frequencies

in Fig. 4.13. In a spherical Fermi surface, the dHvA frequency is constant for any field

direction. On the other hand, in a cylindrical Fermi surface (Fig. 4.13 (b)) the frequency

increases as a function of 1/cos 0 (0 is a tilted angle fromk" to,t" or kr). In an ellipsoidal

Fermi surface

―
●   1/H

(b)

this situation the second harmonics for r :2

the curvature factor. The rapid change of the

area along the field direction diminishes the

46



Fermi surface (Fig. 4.13 (c)) the angular dependence of the frequency is more complicated.
These relatively simple shaped Fermi surfaces can be determined only by the experiment.
The complicated Fermi surface, however, requires the information from an energy band
calculation.

kz

Field Angle

Fig. 4.13 Angular dependence of the dHvA frequency in three typical Fermi surfaces (a)
sphere, (b) cylinder and (c) ellipsoid
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4.5.3 Cyclotron effective mass

We can determine the cyclotron effective mass rnin from the temperature dependence

of the dHvA amplitude. Equation (4.23) is transformed into:

ln{`|11-exp(二 三≧
ら:聾
≦三

)|}=-21;LTtt COnSt.
(4.2o

We can obtain the cyclotron mass from the slope of a plot (so-called mass plot) of ln{Ai [1-
exp(-2Aml[lH)|1lf] versus T at constant field H by using a method of successive

approximation.
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Let us consider the relation between the cyclotron ma,ss and the electronic specific
heat coefficient 7. Using a density of states D(e.), 7 is described as

γ=丁たB2D(ε F)°

In the spherたd Fermi surfacQ udng εF=ん
2畔
/2質 takes

γ=可デ毛
・
ラフ (7)3/2 

εF1/2

=写π仁
WhTX」

l∬ 富 濯 Ⅷ ld巨cd F∝ 面 surfac%the dendけ Of St乱∝ お

D(εF)=等
lεF=:[12Sλ

z//(11,1)]ε
F

=写・響はF'

π:=募霧セF'
we obtain the γ―value from eqs。 (4.30),(4.34)and(4.35)as:

γ=写。にし
We regard the Fernli surfaces as sphere,ellipse or cylinder approxlmately

calculate the γ―values.

(4.30)

where the Fermi wave number /c, is parallel to axial direction of the cylinder, and 5 is the
cross-sectional area of the cylindrical Fermi surface. Since the cyclotron effective mass is

written as:

(4.31)

(4。
32)

(4.33)

(4。34)

(4。 35)

(4.36)

and then can

4.5.4 Dingle temperature

We ca,n determine the Dingle temperature ?p from measuring the field dependence of
the dHvA amplitude. Equations @.2\-@.24) yield

hlス
・
〃
1/2 dnh(空

写争=)|=一
人爾幾TD°

芸
+COnSi

“

。3つ

We can obtain the Dingle temperature from the slope of a plot (secalled Dingle plot) of
InlAiHr/2 sinh(,\rnin?///)] versus llH at constant T. Here, the cyclotron effective mass

must have already been obtained.
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We can estimate the mean free path I or the scattering lifetime r from the Dingle
temperature. The relation between the effective mass and the lifetime takes the form:

んんF=π :υF,
ι=υFτ・

(4.38)

(4。 39)

(4.40)

Then eq. (a.28) is transformed into

4.5.5 Field modulation method

Experiments of the dHvA effect were conducted by using the usual ac susceptibility
field modulation method. Here we give an outline of the field modulation method in the
present study.

A small ac field hscosut is varied on an external fietd .[/6 (ffo > fu) in order to obtain
the periodic variation of the magnetic moment. The sample is placed in a pair of balanced
coils (pick up and compensation coils) as shown in Fig. 4.14. Induced e.m.f. 7 will be
proportional to

y=c塁∠

di√ d″
=C五
百更F

一硫。ωttnωιΣ戸‖萄(器)恥 dn鰯 ,

where c is the 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 lcut arc neglected. Calculating the

卜

荷
。

(dたν/d〃た),it becomes

y=一ωスコ西■萌(ig夕 )ん dn(平 +β―等)蘊nんd・

M(t) is given by

IM(t):a 
l"r,f,U 

,^(T. u)

where

λ=7
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(4.41)

(4.42)

(4.43)

(4。44)

Here, L,H : H'l F. Considering ho2 K Ho2, the time dependence of the magnetization
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Here, Jr is the Bessel function of the first kind of order /c. Finally we can obtain the
output e.m.f. as follows;

y=C(電
子)=-2の

ス
Σ]ん
ふ(λ)Sin(等多

十β―
等
[)。 Sinれ況。 (4.47)

The signal was detected at the second harmonic of the modulation frequency 2c.r 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 h6 to make the value of J2(,\) maximum, namely ,\ : 3.05. Figure 4.15 shows the
Bessel function of the first kind for the various order k. The typical values of the modu-
lation frequency were 159 Hz for the 3He cryostat and 21 Hz for the dilution refrigerator.
Figure 4.16 shows a block diagram for the dHvA mea,surement in the present study.

Compensation coil

Fig. 4.L4 The detecting coil and the sample location.

Fig. 4.15 Bessel function J6(,\) of the first kind.

λ
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① Sarnメe

② Pick‐ up cdl

O Compensation coil

O ModulatiOn coil

O SupercOnducdng
magnet

4。6

Fig. 4.16 Bock diagram for the dHvA measurement.

Shubnikov-de Haas effect

4.6.L Introduction to the Shubnikov-de l{aas effect

The Shubnikov-de Haas (SdH) effect is the dHvA oscillation reflected in the field
dependence of the electrical resistivity.ss) The theory of the efiecteo) is quite complicated,

since it involves the detailed problem of electron scattering in a magnetic field. On the
basis of the simple model,eT) however, the probability of scattering is proportional to the
number of states into which the electrons can be scattered, and so this probability which

determines the scattering lifetime r and the resistivity, will oscillate in sympathy with
the oscillation of the density of states at the Fermi enerry.

Actually, the observed oscillations follows the Lifshitz-Kosevich formula, as described

in eqs. (4.2L)-(4.26). Thus the obtained physical quantities from the SdH effect are the
same as those from the dHvA effect.

The SdH measurement is also a useful method especially for tiny samples. Because

the SdH amplitude depends on the electrical potential on the sample detected as the
resistivity. On the other hand, the dHvA effect requires the large volume of the sample,

which is proportional to the dHvA amplitude.

4.6.2 Experimental method of the Shubnikov-de Haas effect

We have done the SdH measurements using a standard four probe DC current method.

The gold wire and silver paste were used to form contacts on the sample. The sample

holder was set as shown in Fig. 4.17. We carried out the measurements by using a field
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modulation method as if to observe the dHvA effect at temperature down to 0.4 K and
fields up to 140kOe. Current and modulation frequency were typically 3mA and 159H2,
respectively.

RuQ
Thermometer

Sample

Heater

Fig. 4.LT Detailed picture of the sa^rnple holder and the inside wheel for the SdH effect.

一一一
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Chapter 5 Experimental Results and Discussion

5.1- PrPb3

5.1.L Specific heat

We have measured the specific heat in the temperature range from 0.2 to 7011.36'e8'ee)

In Fig. 5.1, we show the temperature dependence of the magnetic specific heat C* in
the low temperature range. The magnetic part of the specific heat was obtained by
subtracting the phonon part of a non-/ reference compound LaPfu. The sharp ) like
peak at 0.4 K corresponds to the quadrupolar ordering. This result is in good agreement

with the previous specific heat data obtained by Bucher et al., which displays the peak at
0.35 K, as shown in Fig 3.3.38) A large slope from 0.4 K up to the vicinity of 1 K indicates
that the short-range quadrupolar ordering starts from a higher temperature than the
quadrupolar ordering temperature of 0.4 K.

PrPb3

t2
Temperature (K)

Fig. 5.1 Magnetic specific heat of PrPb3.

We also show in Fig. 5.2 the temperature dependence of the magnetic entropy ^9-.
The magnetic entropy ,S- was obtained by integrating C^/T over ?. The entropy reaches

RIn2 at 5K, BlnS at20K and Rln8 at 38K, although the data are a little scattered in
the temperature range of 35 to 50 K. The present data are almost consistent with the 4,f

energy scheme shown in an inset of Fig. 5.2 with the ground state of the fs non-Kramers

doublet.
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Fig. 5.2 Tiemperature dependence of the magnetic entropy for PrPb3. The inset shows
the 4f level scheme determined by the neutron e:rperiment, cited from ref. (39).

5.L.2 dHvA effect

Figure 5.3 shows the typical dHvA oscillation and the corresponding fast Fourier

transformation (FFT) spectrum for the field along the (100) direction in the field range

from 110 to 130 kOe. Branches a, 0, ^f and d correspond to main Fermi surfaces. Figure 5.4

shows the angular dependence of the dHvA frequency. Since the frequency of the main
dHvA branches a, 0, ^y and d are almost constant against the field angle, the main dHvA
branches correspond to nearly spherical Fermi surfaces. The experimental results of PrPb3

axe compaxed to those of the non-/ reference compound LaPbg shown in Fig. 5.5.

The angular dependence of the main dHvA branches in PrPb3 is in good agreement

with that of LaPbs. Therefore we can treat the Fermi surfaces of PrPb3 as those of LaPb3.

The theoretical angular dependence of the dHvA frequency, which has been calculated

on the basis of the full potential linear augmented plane wave (FLAPW) method, is also

shown in Fig. 5.6 for comparison. The experimental results of the main Fermi surfaces in
LaPfu and PrP$ a,re in good agreement with the results of band calculations. We show

in Fig. 5.7 the calculated Fermi surfaces based on the FLAPW method. The origin of the
main branches is as follows:

branch a: a band-11 hole Fermi surface centered at the R point

branch B: a band-ll hole one centered at the f point

branch 7: a band-l0 hole one centered at the f point
branch d: band-l1 hole ones, which are twelve in number

40
併
０
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PrPb3
H〃 く100>
0.45K

(→

|

130kOe 1/H―――→レ ｅＯ
―
飲
１
■
１
■

10

dHvA Frequency (x107 Oe)

Fig. 5.3 (a) dHvA oscillation and (b) its FFT spectrum for the field along the (100)
direction for PrPb3.

The band-10 hole Fermi surface in Fig. 5.7, centered at the f point, is almost spherical.

This corresponds to branch 7. The band-ll hole Fermi surface, centered at the f point, is
also almost spherical, but a little distorted like a regular octahedron swelled to the (100)

direction. This is reflected in an increase of the dHvA frequency on branch B for the

field along the (100) direction. The band-ll hole Fermi surfaces, which is in the shape of
a pillow, correspond to branches d and 6'. The band-l1 hole Fermi surface, centered at

the R point, is again a nearly spherical one, which corresponds to branch o. This Fermi

surface is the Iargest in volume.

We have determined the cyclotron efiective mass rnf from the temperature dependence
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Fig. 5.4 Angular dependence of the dHvA frequency in PrPbs.

of the dHvA amplitude by using eq. (4.29), as mentioned above. The cyclotron masses,

which have been determined in the temperature range of 0.45 to I.2K, are shown in
Table 5.1 for the principal field directions, where rns denotes the free electron mass. We

also show the Dingle temperature ?p in Table 5.1, which has been determined from the
field dependence of the dHvA amplitude by using eq. (a.37) under a constant temperature

of 0.45 K, ffi mentioned above. The mass is in the range from 0.87 ms to 6.7 ms. Here we

note that the mass of the main branch o is heavy, ranging from 3.7 ms to 6.7 m6 The

cyclotron masses of PrPb3, NdPfu, LaPb3 and the band mass of LaPfu are summarized

in Table 5.2 for comparison. The cyclotron masses of PrPfu are 1 to 2.5 times larger than
those of NdPfu, 2 to 6 times larger than those of LaPb3 and 2 to 7 times larger than the

30    60     90
<111>  <110>
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Table 5.1 dHvA frequency F, cyclotron mass rni and Dingle temperature ?e in PrPb3.

FはЮ6“幣乳)Ъ tt F(×Ю6あ響乳)Ъ tt F(×Ю6“響認め三高
α  99.1      6.7     -―      α  98.5     3.7     2.2    α  93.8      4.9     -―
β 30.2    3.9    -    β 36.7
γ  13.4      2.0      1.9     γ   13.3      2.2      2.O     γ  13.0      1.9      2.8
δ   6.30     1.2      2.4    δ   6.45    2.5      1.7    δ   7.09     -一       一―

δ
′   3.88     1.3     -一

9   1.78     1.1      2.2     9   1.59     0.98     1.0
0.85     0.87     1.4
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Fig. 5.6 Theoretical angular dependence of the dHvA frequency for the non-/ reference
compound LaPbr.

band masses.

We have also analyzed the temperature dependence of the cyclotron mass in a much

wider temperature range down to 0.03 K, crossing the antiferroquadrupolar ordering. Fig-

ure 5.8 shows the so-called mass plot on branch'y for the field along the (100) direction.

In general the mass plot mentioned above is expected to be a straight line whose slope

gives the cyclotron mass. However, the slope of the mass plot shown in Fig. 5.8 increases

with decreasing the temperature. This suggests an increasing of the mass below about

1K. The straight line in Fig. 5.8 whose slope gives 1.5rns is fitted only in the temperature

range from 1.5 to 1.0K. To obtain the temperature dependence of the mass in detail,
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(b)

(a)

(C)

band ll

hole

Fig.5。 7 Fermi surfaces in LaPb3:(a)hOle in band 10 centered at the r point,(b)hOle in

band ll centered at the r point,(c)hOle in band ll centered at the R point.
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Thble 5。 2 Cyclotron lnasses in PrPb3,NdPb3 and LaPb3 and band lnass of LaPb3・ The
data of NdPb3 Were Cited from re■ (45).

PrPb3   NdPb3   LaPb3  Band Mass
m:(mo)η:(mo)η:(mo) 里L〔響。)
″〃(1∞ )
α   3.7
β  ―
γ   2.2
δ   2.5

″〃(110)
α   6.7

β   3.9

0.5 1.0         1.5

2.08      1.45
--       2.29

0.94      0.38

1.26      0.63

2.67      1.46

2.76       1.40

3.09

0.94      0.46

1.31     0.60

0.77
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Fig. 5.8 Mass plot between 0.03K and 1..5K for branch 7 in PrPb3. The straight line is
fitted only in the temperature ra^nge from 1.5 to 1.0K.
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we have determined each cyclotron mass from seven data points in a naxrow temperature
range, repeating this procedure in the temperature range from 1.5 to 0.03 K. Figure 5.9

shows the temperature dependence of the mass, including the Dingle temperature and the
product of the mass and the Dingle temperature for branch 7 along the field H ll (100)

direction. The mass of 1.6ma around 1.2K increases up to 4.0rnsat 0.17K. Here we

note that the mass of branch 7 is cited us 2.2ma in Table 5.1, which has been determined
in the temperature range from 0.45 K to 1.2 K. The corresponding Dingle temperature in
Fig. 5.9 decreases from 3.5 to 1.5 K with decreasing the temperature. The product of the
mass and the Dingle temperature is approximately constant against the temperature.

On the other hand, branch d indicates a different behavior, as shown in Fig. 5.10.

The mass is almost constant, 2ms,b:ut decreases slightly below 0.5 K. The corresponding

Dingle temperature is 0.8 K in the temperature range from 1.1 to 0.5 K and increases up to
2.8 K at the temperature of 0.03 K. The product of the mass and the Dingle temperature
increases from 2 to 4 with decreasing the temperature, which is mainly due to the increase

of the Dingle temperature.

The experimental cyclotron efiective mass rni is usually larger than the band mass

t7lb, as shown in Table 5.2. Therefore, the enhancement factor .\ for the cyclotron effective

ma.ss can be defined as

mX: (1 +,\)rn5
(5。
1)

Origins for ,\ are ascribed to the many-body effects which cannot be taken into account

in the usual band theory. The electron-phonon interaction and the magnetic interaction
are usually considered, which are denoted by ,\o and .\*, respectively. The value of
the electron-phonon term .\o is smaller than 1. If it were large, it might cause lattice
instability. The magnetic contribution or the magnon enhancement )- occurs in cerium

and uranium compounds. Actually, a large cyclotron mass of 120 rns is detected in the

dHvA experiment for the Kondo lattice compound CeRu2sir.t0o)

As for PrPb3, the localized 4f electron does not form a Kondo lattice nor induce the

magnetic ordering. Therefore, .\* is usually small. For exa,rrple, the cyclotron mass in a
Van Vleck paramagnet PrIn3 is only twice larger than the corresponding mass of LaIn3.l01)

The cyclotron mass in PrPb3 is, however, considerably large, which is 2 to 6 times larger

than that of LaPb3. The mass enhancement mechanism in PrPfu might be ascribed to the
quadrupole ordering. The primary source of the quadrupolar pair coupling is considered

to be the indirect Coulomb and exchange interaction via conduction electrons, which is
analogous to the RKKY interaction.loz) The present experimental results suggest that
the short-range antiferroquadrupolar ordering starts roughly from 1K at which the mass

for branch 7 starts to become heavy. This is consistent with the result of the specific

heat.
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5.1.3 Metamagnetism

Figure 5.11 shovrs the magnetization for the field along the (100) direction at 0.40K
and 1.05 K. Both data have been obtained with increasing the field, although the mag-

netization process possesses no hysteresis. The magnetization at 1.05K increases almost
linearly. On the other hand, the magnetization curve at 0.40 K indicates a small steplike
behavior shown by an a,rrovr, which corresponds to the meta,magnetic transition. Plots of
differential magnetic susceptibility as a function of magnetic field, as shovrn in the inset
of Fig. 5.1L, allow us to determine the critical field of the metamagnetic transition. A
large maximum in the dM/dH curve at 0.40K is observed at 75kOe. The marcimum at
0.55 K becomes broader than that at 0.40 K, and slightly shifts to a lower field of 74kOe.
The maximum is no longer observed above 0.6 K.

We have also measured the magnetostriction for the field along the (100) direction, as

shown in Fig. 5.12. The data at 0.42K exhibit a large minimum at 73kOe which we define

as the critical field of the meta,magnetic transition. The minimum becomes broader with
increasing the temperature and finally disappears at 0.78 K. The critical field slightly
shifts to a lower field with increasing the temperature, from 73kOe at 0.42K to 71kOe
at 0.55 K.

It is interesting to examine the meta,uragnetic behavior below the quadrupolar ordering
temperature of 0.4 K. We show in Fig. 5.13 the results of the field dependence of the AC
susceptibility at low temperatures down to 0.07 K for the field along the (100) direction,
whose measurement was done by fundamentally the same technique as the dHvA exper-

iment. A broad ma>rimum ir Xac, modulated by the dHvA oscillations, is observed at
70kOe at the lowest temperature of 0.07K, which is shown by an arrov/. The critical field
is almost constant in the temperature range of 0.07K to 0.52 K, although the maximum
becomes broader at 0.52 K and disappears above 0.6 K.

These experimental results of the magnetization, magnetostriction and AC suscepti-

bility are summa,rized as follows:

(1) The meta,magnetic transition occurs below 0.6K. This is almost the sa,ure temper-

ature as the short-range antiferroquadrupolar ordering starts to develop.

(2) The critical field of the meta,magnetic transition has approximately no temperature

dependence and is about 70kOe.

Next we discuss the origin of the present metamagnetic transition. Since the ground

state is the non-Krarners doublet possessing no magnetic moment and the susceptibility
exhibits the Van Vleck behavior at low temperatures, the metamagnetic transition does

not originate from the magnetic ordering. We have calculated the magnetization by
considering the CEF scheme of Pr3+ 4/ levels with a molecular field constant ,\. The
Hamiltonian which describes this svstem is

71:}tcr;r *Ht,
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The inset shs the diferential magnetic susceptibility

where the CEF Hamiltonian%cEF iS given by the CEF paraIIleters Br and the Stevens'

operator equivalents as

πCEF=β2(02+501)+(ο :-210:), (5。
3)

and the magnetic dipolar term .lft including Zeeman and Heisenberg couplings can be

described as

π J=一 gJμ
B(I+λ θ 」μ B(J))・

J・ (5.→

The CEF level scheme w&s determined in two ways. One scheme, which was given by

Lethuillier and Chaussy, can perfectly describe the susceptibility data,37) although it is

inconsistent with the CEF level scheme determined from the inelastic neutron scattering

PrPb3

H〃く100>

0.“

1。05K

国
●
ヽ
，
電

H00C)

65



PrPb3

H ll <100> 0.42K

0.50

0.55

一上
口
０

●

Magnetic Field (kOe)

Fig. 5.12 Field dependence of the magnetostriction in PrPb3.

by Gross et al.le) Namely, the latter CEF scheme is not consistent with the temperature

dependence of the susceptibility. We have calculated the magnetization on the basis of
the above two cases. In both level schemes, the result of CEF calculations indicates

a metamagnetic behavior in the magnetization curve. The transition field is roughly

50 kOe. These are due to the crossing of Zeeman-split energy levels. That is, the first
excited state is the fa triplet in both schemes. This triplet splits into three separated

levels with increasing the field. One of them increases with increasing the field up to
about 30kOe but decreases with further increasing the field. Another 4/ Ievel of fa
increases monotonously with increasing the field. These two levels originated from the fa
triplet cross each other at about 50 kOe. We cannot, however, consider the origin of the
present metamagnetic behavior as the crossing of Zeeman-split energy levels, because the
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Fig. 5.13 Field dependence of the AC susceptibility in PrPbr.

result of the CEF calculation indicates the metamagnetic behavior even at 4.2K but the
metamagnetic transition disappears above 0.6 K in experiment.

As the most probable origin, we consider the antiferroquadrupolar ordering. We can

recognize from the experimental results that the short-range quadrupolar ordering starts
to develop at about 1 K, well above the long-range ordering temperature of 0.4 K. The
present metamagnetic transition occurs below 0.6 K, which is almost the same temper-
ature as the antiferroquadrupolar ordering starts to develop. This is supported by the
magnetization measurements which determined the HI phase diagram (see next sec-

tion).15'os' r03' 104)

PrPb3

H〃 <100>

67



5.1.4 Other groupts studies

Using the samples of PrPb3 which we grew in the present study, the magnetiza-
tion and specific heat measurements were done in Sakakibara group in Hokkaido Uni-
versitv.15, 103,104)

Magnetic susceptibility and specific heat

Figure 5.14 shows the temperature dependence of the magnetic susceptibility M/H
(= X) obtained at H :1T applied parallel to the (100) axis. The plateau of 1 below 5 K
reflects the non-magnetic CEF ground state. The dashed line in the figure is the calculated
result for X(?) in the paraquadrupolar state, consisting of a single'sited contribution X"",
with the CEF level scheme fs(0)-f4(15K)-fb(2SK)-f1(35K) and an antifenomagnetic
molecular field coefficient n: X : Xcsr(l - nXcni. Good agreement was obtained with
n : -4.6mole/emu, which gives rise to a high-temperature Curie-Weiss constant of
0p : -7 K, consistent with the previous results.sT'40) Below 0.4 K, 1 exhibits a small but
clear increase due to the antiferroquadrupolar ordering. The inset of Fig. 5.14 shows the

X around ?q obtained under various fields. Interestingly, Tq(H) defined by the bending
point in M(T) increases with I/.

ntq
Hrllr@l

Fig. 5.14 Magnetic susceptibility of PrPb3 measured in I[ : 1T applied parallel to (100).
Open circles are the experimental reults while the dashed line is the calculated
one. The inset shovrs M /H near Tq obtained under various fields from 1 to 5 T,
cited from ref. (104).

Figure 5.15 (a) and (b) show the results of the specific heat measurements under

magnetic field applied parallel to (100) and (110) axes, respectively. By increasing If, the
peaks in CQ) shifts to higher temperatures, in accord with the magnetization results. For

H ll (100) the peak position suddenly turns to decrease at 7 T and the structurc of. C(T)
becomes very broad, indicating the antiferroquadrupolar phase boundary is rapidly closing

at higher fields. In contrast, a clear peak is still observed at 7 T for I/ ll (110), suggesting
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Fig.5.15 SpecificheatofPrPfumeasuredatvariousfields. (a)Hll (tOO);(b)I/ll (110),
cited from ref. (104).

The antiferroquadrupolar ordering temperature fa(H) determined by these experi-

ments is plotted in Fig. 5.16 for (") H ll (100) and (b) I/ ll (110), where open circles and

solid squares are the data points determined from C(f/) and Mg) measurements, re-

spectively. The solid circles in Fig. 5.16 (a) indicate the position of a small metamagnetic
jump in M(H) curves,rs'36) which is considered to be a transition from the antiferro-
quadrupolax state to a paraquadrupolar state. On the other hand, no clear anomaly was

observed in the magnetization curves for I/ ll (110) below 8T. For both field directions,
7q is found to increase with .F/. This enhancement of ?q(.F/) is the largest for H ll (100).

Analysis of the phase diagraln

For silnphcity9 a two― sublattice antiferroquadrupolar structure was assuIIled as schemat―

icdly shown in Fig。 5。 17.Here the ordered state is all array of 03 quadrupoltt moment.

The ovals of diferent orientations in Fig。 5。 17 represent t■ o states of the 03 mOment

((ο9)>O and(09)<0)。 When externd neld r is alpplied along the z(p01)axiS,a

staggered magnetic moment parallel to I/ appears in addition to a uniform component, as

shown by thick arrows in Fig. 5.17. The Van Vleck susceptibility would then take a dif-
ferent value for each sublattice, leading to the non-uniform paramagnetic magnetization.
The appearance of the antiferromagnetic moment would stabilize the antiferroquadrupo-
lar phase in the presence of the antiferromagnetic interactions, and may increase ?q under

magnetic field. The argument can be made more quantitative by introducing the following
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Fig. 5.L6 Antiferroquadrupolar ordering temperature Tq of PrPbs determined by mag-
netization and specific heat measurements. (u) fi ll (tOO); (b) II ll (110) Solid
lines are guides to the eyes, cited from ref. (104).

single-site Hamiltonian for each sublattice A, B:

%1。)=πcEF~島μBJ° ″ ―(ム (J)B体)+島 (J)Ao))・ J
~κ
「3[(° 3)B(A)03+〈ο3)B(A)03]・
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The cdculated「 ―T phase diagram for″ ‖ [00可 iS ShOV7n in Fig。 5.18 by a solid line。

This phase diagram expldns the experimental result in Fig。 5。 16(a),satiSfactOrily Under

ields applied parallel to pOJ,the ο9 phase becomes stable.
The dot― dashed line in Fig.5.19 shows the cdculated result of TQ(″ )for〃 ‖[1101
obtdned by eq。 (5。 5)。 In thiS neld direction,03-antiぉ Ioquadrup01ar phase becomes

stable.The result disagrees with the experimental one in Fig。 5。 16(b).ThiS COntradiction

can be removed by introducing an octupolar interactiono Namett the fO1lowing inter―

subltttice octupole interaction was introduced in addition to eq。 (5.5);

場 =―θβ(助 )。助,
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over possible permutations of the indices″ :ν and Z. irhe solid line in Fig。 5。 19 is the

TQ(〃)Calculated by using eq。 (5.5)and(5。6).ThiS iS fairly in good agreement with the

experimentd results in Fig。 5.16(b).
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5.2 YbPb3 and EuPb3

5.2.1 Electrical resistivity

We measured the electrical resistivity in YbPfu and EuP$ at temperatures down
to 7 K.s) Figure 5.20 shows the temperature dependence of the electrical resistivity p in
YbPb and EuPh. The resistivity in YbPfu indicates a ?-linear dependence above 120 K,
which is similar to the previous data.5l) The resistivity at 7 K pzx and the resistivity ratio

Pnr/pzx are2.6pQ.cm and 30, respectively. The resistivity in EuP\ also shows a ?-linear
dependence above 100 K. A steep decrease below 20 K is due to the antiferromagnetic
ordering, which is in good agreement with the previous report.ae) The resistivity at 7 K
pr* and the resistivity ratio pwrl pzx are 4.4pQ.cm and 21, respectively. Here we note that
the residual resistivity ratio pwrlpox must be much larger than p"a/pzK:21, because

the resistivity still tends to decrease at lower temperatures.

100

（日
９
Ｃ
ｉ
）
Ｑ

50

100 200
Temperature (K)

300

Fig. 5.20 Temperature dependence of the electrical resistivity in YbPba and EuPb3.

5.2.2 dHvA effect in YbPbs

The dHvA experiments were measured in fields up to 130kOe and at temperatures
down to 0.4 K. Figures 5.21 and 5.22 show the typical dHvA oscillations and the cor-

responding fast Fourier transformation (FFT) spectra for the fields along the (100) and
(110) directions in the field range from 20 to 60kOe and 65 to 70kOe, respectively.

Branches o, € and (p correspond to Fermi surfaces. The other dHvA frequencies in the
FFT spectra a,re due to harmonics of the fundamental frequency named rp. Figure 5.23

%
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Fig.5.21, (a) dHvA oscillation and (b) its FFT
spectrum in the field range from 20
to 60kOe for the field along (100) in
YbPbg.

2468
dHvA Frequency(x107。 。)

Fig.5.22 (a) dHvA oscillation and (b) its FFT
spectrum in the field range from 65
to 70kOe for the field along (110) in
YbPbg.

shows the angular dependence of the dHvA frequency, which is proportional to the cross-

sectional area of the Fermi surface. Since the frequencies of the main dHvA branches o
and tp axe almost constant against the field angle, these branches correspond to nearly

spherical Fermi surfaces. The volumes of the Fermi surfaces for the branches o and g are

small and occupy 8.1% and 0.05 To of the cubic Brillouin zonle, respectively. The angular

dependence of the dHvA frequency in YbPbs is completely different from those of LaPb3,

PrPfu and NdPfu shown in Figs. 5.5, 5.4 and 3.5.36'as) This is because the valence state

of Yb in YbPbs is not trivalent but divalent, as described in Sec. 3.1. YbSns has the same

crystal structure and the same'ualence state as in YbPb. The angular dependence of the

dHvA frequency in YbSn3105) is approximately in agreement with the present results in
YbPb.

The detected branches are compared to the results of the FLAPW-band calculations.

Figure 5.24 shows the theoretical angular dependence of the dHvA frequency. F\rrther-

more, the calculated Fermi surfaces are shown in Fig. 5.25. The result of experimental

angular dependence of the dHvA frequency is in excellent agreement with that of theo-

retical one. It is easily found that the experimental branch o corresponds to the 14th

hole Fermi surface in Fig. 5.25 (a). Branch e nea,r the (110) direction originates in the
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Fig. 5.23 Angular dependence of the dHvA frequency in YbPbs.

cross-sectional area of the electron Fermi surface at the X points in Fig. 5.25 (b) because

of the similarity of the angular dependence, althgough the experimental data appeax

only around (100). This is most likely due to the curvature factor of the Fermi surface.

Branch tp should be explained by the small electron pocket Fermi surfaces on the A axes

in Fig. 5.25 (c).

We also determined the cyclotron effective mass nzf from the temperature dependence

of the dHvA amplitude. The cyclotron ma^sses, which were determined in the temperature
range of 0.45 to 1.2 K, are shown in Table 5.3 for the principal field directions, where rn6

denotes the free electron ma"ss. The present Fermi surfaces possess light masses, which
are in the range from 0.21 to 0.60rn0.
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Fig. 5.24 Angular dependence of the theoretical dHvA frequency in YbPb3.

We also show the Dingle temperature ?p in Table 5.3, which was determined from the
field dependence of the dHvA amplitude under a constant temperature of 0.45 K. Here,

Tn : 1K, which is inversely proportional to the scattering lifetime, corresponds to a
scattering Iifetime of. I.2 x 10-12 sec. The Dingle temperature for the present sample is in
the range from 1.7 to 8.0K. Generally saying, the sample is not in high quality because

the Dingle temperature is higher than 1K.

5.2.3 dHvA effect in EuPbe

We also detected the dHvA oscillation of the antiferromagnetic compound EuPfu.
Figures 5.26 and 5.27 show the typical dHvA oscillations and FFT spectra for the field
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YbPb3

Band I4th
hole surface

Band 15th
electron surface

Band 15th
electron surface

R

M (a)

(b)

(c)

Fig. 5.25 (a) l4th hole Fermi surface centered at the I point, (b) 15th electron Fermi
surfaces centered at the f point and (c) 15th electron Fermi surfaces centered
at the f point in YbPbs.
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Ahble 5.3 dHvA frequency cyclotron mass and Dingle temperature in YbPbg.

″ 〃 (l10)           ″〃 (1∞)            ″ 〃 (111)
F(xl♂ Oe)m:(η )TD(K)  F(xl♂ Oe)m:(高 )TD(K)  F(xl♂ Oe)稿:(高 )TD(K)
α   32.9     0.58     3.2          α  32.9      0.60     2.8           α   29.4     0.48     8.0
ε    7.39    0.46      4.4

91   1.30   0.27              9   1.13   0.23    3.4        91
92   1・ 19   0.24                                          92
93  1α 5  0・ 21

along the (100) direction in the field range from 3 to 40 kOe and 80 to 100 kOe, respectively.
Branches 4r and f2 with low dHvA frequencies in Fig. 5.26 are observed in low fields. A
quantum limit state is realized for branches [1 arrd r72 with extremely small Fermi surfaces.
Namely, the Landau-level numbers n:0 and 1 for branch r|1 with 7.0 x 104 Oe correspond
to the fields of 140 and 47kOe, respectively. On the other hand, branches d, 7 and a,
which correspond to the main Fermi surfaces, are observed in higher fields, as shown in
Fig. 5.27.

EuPb3
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dHvA Frequency(x105。 c)

Fig.5.26 (a) dHvA oscillation and (b) its FFT
spectrum in the field range from 3 to
40kOe for EuPb3.

1′II 
―

10    20    30    40
dHvA Frequency(x106。 c)

Fig。 5。27(a)dHVA oscillation and(b)itS FFT
spectruln in the fleld range from 80 to

lCXlkOe for EuPb3・

We show in Fig 5.28 the angular dependence of the dHvA frequency in the field range

from 3 to 130 kOe, which is in the antiferromagnetic state. The Fermi surface of EuPb3

is expected to be similar to that of YbPb3, if the presence of 4/ electrons is neglected. In
fact, branch a is similar to the one of YbPb in magnitude, although it disappears around
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the (110) direction. Branch o corresponds to the spherical Fermi surface as shown in
Fig. 5.25 (a). The magnetic ordering, however, influences the Fermi surface. When the
magnetic order occurs, the paramagnetic Fermi surface is folded into a smaller magnetic
Brillouin zone. If the magnetic energy gaps at the new zone boundaries are not too large,

the paramagnetic Fermi surface can still be seen due to magnetic breakdown. This is
realized in branch c in EuPb3. The other branches are different from those of YbPbs in
both the angula.r dependence and the magnitude. These a,re the antiferromagnetic Fermi
surfaces. Branches 7 arrd d are almost constant against the field angle, which are also

due to the nearly spherical Fermi surfaces. Branch q, which corresponds to an ellipsoidal
Fermi surface, is most likely split into up (?1) and down (r72) spin branches due to the
magnetic exchange interaction.

We determined the cyclotron effective mass rni from the temperature dependence of
the dHvA amplitude. The cyclotron masses are shown in Table 5.4 for the principal field
directions. We also show the Dingle temperature ?o in Table 5.4 which was determined
from the field dependence of the dHvA amplitude at a consta,nt temperature of 0.45 K.
The mass is in the range from 0.05 to 0.57rns, which is quite small as in YbPb3. The
cyclotron mass of branch a for the field along the (111) direction, 0.46ms, is in good

agreement with 0.48 rns of YbPh. The Dingle temperature is larger than 1K as in
YbPb.

Tbble 5.4 dHvA frequency, cyclotron mass and Dingle temperature in EuPbs.

I〃 (110)            rr〃 (1∞〉            ″〃(111) ~~~
F(× 1゛ 00m:(物 )TD(K) F(× 1び Oe)m:(a)TD(K) F(× 1"Oe)豊 〔墨 )TD(K)

α  25.7    -―      一           α  26.9    0.46     3.2
β   ll.9     0.45     4.5
γ   3.49   053    2.O        γ
2.41    0.32     4.9

δ    l.92    0.44     1.7          δ

η1    0.15    0.07     -―
η2   0・ 10   0.06    -

5.2.4 Specific heat of EuPbg

We measured the specific heat in the temperature range from 1.6 to 40K. Figure 5.29

shows the temperature dependence of the specific heat. A sharp ,\ like peak at 20 K
corresponds to the N6el temperature. This value is almost the same as the previous one

of.22K, which was determined from the magnetic susceptibility experiment.ae)

We also show in Fig. 5.30 the temperature dependence of the magnetic entropy ,S*.

The magnetic entropy ,S- was obtained by integrating C^lT over ?, where C* denotes

the magnetic part of the specific heat. The phonon part was estimated from the Debye

model with the Debye temperature of 120 K. Namely, we obtained the phonon part of
the specific heat by fitting the Debye function to the data, assuming that the magnetic

contribution is negligible above the N6el temperature. The electronic contribution was
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Fig. 5.28 Angular dependence of the dHvA frequency in EuPb3.

also neglected because it is extremely small. The Rln8 value is thus obtained around

30 K, as shown in Fig. 5.30. This is approximately consistent with the present situation,

where the crystalline electric field of the 4/ levels does not exist in the divalent state of
EuP$ (L:0 and,S:712) and the relation of 25 * 1:8 is realized.

5.2.5 Magnetic susceptibility and magnetization of EuPbs

We show in Fig. 5.31 the temperature dependence of the reciprocal magnetic suscep

tibility Llyfor the field along the (100), (110) and (111) directions for EuPbs. An inset

of the Fig. 5.31 shows the susceptibility in the low temperature region. The susceptibility
follows the Curie-Weiss law above 80 K. The paxamagnetic Curie temperature do is -55,
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Fig. 5.29 Temperature dependence of the specific heat in EuPbs.
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Fig. 5.3O Temperature dependence of the magnetic entropy in EuPbs.
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Fig. 5.31 Temperature dependence of the reciprocal magnetic susceptibility in EuPbs.
The inset shows the low temperature susceptibility.

-53 and -53Kforthe (100), (110) and (111) directions, respectively. Theeffective Bohr
magneton is also determined as 7.89, 7.77 and7.891t"/Eu for (100), (110) and (111),

respectively. The anisotropies of the Curie temperature and the efiective Bohr magneton
are negligibly small. The experimental value of the effective Bohr magneton is almost the
sarne as the theoretical free ion value of Eu2+, 7.94p,"1F;t The Neel temperature 4r of
the present sample is determined as 20 K from the kink of the susceptibility. This result is
consistent with the electrical resistivity and specific heat data, as mentioned above. The
inset of Fig. 5.31 indicates a small kink at 5 K for all the principal directions, as shown

by an a,rrov/. This suggests a cha,nge of the antiferromagnetic state.

We measured the magnetization with pulse and steady fields for the field along the
(100) direction at 4.2K, as shown in Fig. 5.32. The solid line and the open circles indicate
the results in pulse and steady fields, respectively. Magnetization increases linearly up to
380kOe and is saturated at higher fields. The saturated moment is 6.8 pelBu, which is

almost the same as the theoretical free ion value of Eu2+, 7 p,"lht. A linear increase of
the magnetization is due to the canting process of the spin.

We simply estimated the magnetic exchange interaction on the basis of a twesublattice
model. The exchange field f/B , N6el temperature 4{ and paxamagnetic Curie-Weiss
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Fig. 5.32 Magnetization of EuPbs. The solid line and the open circles show the results
in pulse and steady fields, respectively.

temperature do are obtained as follows:lm)

為=艦回,
TN=型

  (β
~α
),

3たB

鈷=Tr十 ら

(5。
7)

(5。
8)

and

(5。
9)

where the spin angular momentum number S (: 712), g (:2) is the g-factor, a and

B are the maguetic exchange interaction in the inter- and intra-magnetic sublattices,

respectively. A saturated magnetic field f/" corresponds to 2fl8. From the present data
of. H":380kOe and ?h:20K, we can obtain dfkB: -3.65K,01ks: -1.74K and

ep -- -57 K. A value of do : -57K is in good agreement with the obtained values of -53
and -55 K.
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5.3 SmPbg and GdPb3

S.S.L Electrical resistivity

Figure 5.33 shows the electrical resistivity in SmP$ and GdPb3 at temperatures
down 1o 76.toz) The resistivity of LaPbs is also shown as areference. The resistivity in
SmPfu retains a tairly large 'ralue even in the low temperature range. In the previous

report, this behavior was analyzed on the basis of the Kondo effect.s) The resistivity in
GdPh decreases with decreasing the temperature, showing almost the sarne temperature
dependence as that of LaPb3. Then the resistivity in GdPb steeply decreases below
16 K, which corresponds to the N6el temperature. This value is in good agreement with
the previous result.ae) The similar temperature dependence between GdPbg and LaPb3

indicates that the magnetic contribution to the resistivity in GdPfu is constant above the
N6el temperature.

50

J〃 <100>

30

20

100 200

Temperature (K)

Fig. 5.33 Temperature dependence of the electrical resistivity in SmPb3, GdPb3 and
LaPbs.

5.3.2 Specific heat

We show in Fig. 5.34 the temperature dependence of the specific heat in SmPb3 and

GdPh. Sharp )-like peaks are observed at 5.4 and 15.4K for SmPb3 and GdPh, which
correspond to the N6el temperatures. The N6el temperature in GdPb3 is in good agree'

ment with the results of the electrical resistivity mentioned above. The specific heat in
SmPfu is consistent with the previous result of the specific heat.ao)
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Fig. 5.34 Temperature dependence of the specific heat in SmPbs a.nd GdPbs.

5.3.3 dHvA effect

We measured the dHvA oscillations both in SmPb3 and in GdPb in fields up to
130kOe and at temperatures down to 0.4K. The measurements were carried out in the
antiferromagnetic states for both compounds.

1) SmPbs

First we show the results of SmPb3. The typical dHvA oscillation and its FFT spec-

trum in SmP\ are shourn in Fig. 5.35. There are detected three dHvA branches named

8,7 and d and its harmonics and sum. When the field is reduced or the field angle is

tilted, the another branches g and a axe observed.

We show in Fig. 5.36 the angular dependence of the dHvA frequency in SmPfu. Branch
o is similar to branch o in LaPh as shown in Fig. 5.5, although it is observed only around

the (111) direction. Therefore branch o in SmPb3 most likely originates from the spherical

Fermi surface. However, the other branches disagree with those in LaPfu. The Fermi

surfaces are probably modified in topology by the magnetic Brillouin zone boundaries.

Nevertheless, branch o can be seen due to breaking through the antiferromagnetic gap.

We also determined the cyclotron mass from the temperature dependence of the dHvA
amplitude A by using eq. (4.29). The mass is in the range from 0.23 to L4ms. These

small m&sses are not consistent with the 7-value of 100mJ/K2mol reported in ref. (46).

The determined masses are summarized in Table 5.5.
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Fig.5。 35(a)TypiCal dHvA oscillation and(b)itS FFT spectrum for the neld along(100)

in SmPb3・

Table 5.5 dHvA frequency F and cyclotron mass rnl for SmPb3.

″〃(110) ″〃(100) ″〃(111)
F (x107Oe) *t @d .F' (x10?Oe) mi (mo) F (x107Oe) mI @o)

α  ll.0

δ   2.16

ε   O.91

５

５

５

４

０

０

δ

　

ε

1.79

0.67

β  5.21    1.4
γ   3.56
δ   2.36

ε   O.49     0.23
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Fig. 5.36 Angular dependence of the dHvA frequency in SmPbg.

2) GdPb3

We show in Fig. 5.37 the typical dHvA oscillation and the corresponding FFT spec-

trum. F\rndarnental branches a, 0,7,6, €, and C are observed. The second harmonics of
branch 7 is also observed x 2^,/. Figure 5.38 shows the angular dependence of the dHvA
frequency in GdPfu. The data in GdPbs are not similar to those in LaPb3 as shown in
Fig. 5.5. Many branches with small dHvA frequencies are observed, which are most likely
derived from the small pocket Fermi surfaces formed by the smaller magnetic Brillouin
zone.

We also determined the cyclotron mass from the temperature dependence of the dHvA
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GdPb3
H〃 <100>
0.5K

|

120kOe 1/H一
|

110kOe

50        100
dHvA Frequency(x106。。)

Fig。 5。 37(a)TypiCal dHvA oscillation and(b)itS FFT spectrum for the fleld along(lCXl)

in GdPb3・

amplitude A by using eq.(4。 29).The detected masses tte in the range from O.61 to l.6π 。,

as summarized in Table 5。 5。
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Fig. 5.38 Angular dependence of the dHvA frequency in GdPb3.

Thble 5.6 dHvA frequency F and cyclotron mass rni for GdPb3.

″〃(110) ″〃(1∞ ) ∬〃(111)
F(x1070e)mt(m。 )F(× 1070e)m:(m。)F(x1070e)m:(鶴 o)

α 7.60    1.6
β 6.22    1.5
γ  5.16     1.3
δ  3.60     1.2

0.61      ε  2.31      0.80

(  1.20      1.5

β 5.83

ε   l.75

{110} GdPb3

0
O_ _  。 。

壺 :::8:8:
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5。4 Ybln3

5。4.l  Electrical resistivity

We show in Fig。 5。 39 the temperatllre dependence of the electrical resistivity in Ybln3・

The resistivity increases linearly above 50 K l¨ th increasing the temperatllre,showing no

magnetic contribution to the resistivity This is consistent with the dident Yb ion pos―

sessing no magnetic moment.The resist市 ity rttio pRT/2.2K WaS 120。 This value indicttes

a high―qudity sample alld i,generally good enough to detect the dHvA oscillation.

Ybln3

J〃 <100N

100    200
Temperamre(】9

300

Fig. 5.39 Temperature dependence of the electrical resistivity in Yblns.

5.4.2 Specific heat

Figure 5.40 shows the specific heat in the form of C f T versus 72 in YbIn3. The de-

termined 7-value and the Debye temperature were 4.7 mJ /K2mol and 190 K, respectively.

It is expected that the mass enhancement of the conduction electrons is small from this
small 7-value.

5.4.3 dHvA effect

We measured the dHvA oscillations of YbIn3 in fields up to 130kOe and at temper-

atures down to 0.4 K. We show in Fig. 5.41 the typical dHvA oscillation and its FFT
spectrum. There are detected four fundamental branches named a, 0, ^l and e as well

as their harmonics, sum and difference. Figure 5.42 shows the angular dependence of the
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Ybln3                    9

0     10    20    30    40    50

T2(K2)

Fig。 5。40T2_dependence ofthe specinc heat c in the form of θ/T for Ybln3・

‐ ble 5。 7 dHvA■ equency F and cyclotron mass m:for Ybln3・

″〃(lCX3)     ∬〃(110)     Jr〃 (111)
F(x1070e)m:(η o)F(× 1070e)m:(鶴 o)F(× 1070e)m:(鶴 o)
α 12.3   1.l     α 12.5   1.3     α 13.8
β   6.54    0.61       β   6.44    0.68      β  5.87     0.45
γ   l.97    0.33       γ   l.97    0.41       γ   l.77     0.59
δ2,3  0・607   0.36      δl,2  0・ 648              δ   O.634    0.36

ぬ 0.598 0.31
ε   O.497   0.33       ε1   0.538             ε2  0・ 746    0.49

ε2   0・482             ε1  0.473    0.28

ぐ   0.340   0.22       (1   0.361   0.28       ξ   O.348    0。 32

o O.304 0.25

dHvA frequency in YbIn3. Branches a, B and 7 axe nearly constant against the field
angle. Thus the corresponding Fermi surfaces are almost spherical. Branches 61 and 62.3

originates from the same Fermi surface, although branch d1 is not observed around the
(100) direction due to the curvature factor. The expected Fermi surface for this branch

is a disk-shaped one. The Fermi surfaces for branches e and ( are again closed ones but
are modified from a sphere.

We determined the cyclotron mass rni from the temperature dependence of the dHvA
amplitude A, by using eq. (a.29). The cyclotron mass is in the range from 1.3 to 0.22ms.

These small cyclotron ma"sses reflect the small 7-value. All determined values are sum-

marized in Table 5.7.
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Fig. 5.41 (a) Typical dHvA oscillation and (b) its FFT spectrum in Yblng.

We will discuss the topolory of the Fermi surface on the basis of the band model. If
the 4f electrons are localized, namely, Yb3+ is realized, the topolory of the Fermi surface

in YbIn3 is the same a.s that in LaIn3 or LuIn3. The angular dependence of the dHvA
frequency in YbIn3, however, is quite different from that in LaIn3 or LuIn3 (see Fig. 3.6

for LaIn3). Therefore,  f-localized band model cannot be applied to the present case.

Next we tried to apply the 4/-itinerant band model in the scheme of the FLAPW
method, where Yb is a divalent. Figures 5.43 and 5.44 show the angular dependence of
the theoretical dHvA frequency and the corresponding Fermi surfaces. All experimental
branches except ( are in excellent agreement with the theoretical ones. Moreover, if the
theoretical branch ( is slightly shifted to the lower frequency, it is also in good agreement
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Fig. 5.42 Angular dependence of the dHvA frequency in YbIn3.

with the experimental one in topolory. Therefore, we can define the experimental branches

as follows:

branch a: 13th band electron Fermi surface centered at R point,

branch B: l4th band electron Fermi surface centered at R point,

branch 7: 13th band electron Fermi surface centered at f point,

branch d: 12th band hole Fermi surface centered at M point,

branch e: I2th band hole Fermi surface on A axis and

branch (: 13th band electron Fermi surface centered at X point.

This consistency between experiments and theory is attributed to the 4/-levels which
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axe fax below the Fermi level. Hence, the 4/-electrons do not a,ffect the Fermi surface. We

can give the same example of YbPb3 as described in Sec. 5.2. On the other hand, a Pauli
paramagnet YbAl3 requires the artificial shifting of the 4/-levels to explain the dHvA
results.lo8) As a result, the 4/ electrons in YbAI3 become a substantial component of the
conduction band, forming heavy effective mass of the conduction electrons. Returning to
our results in YbIq, the detected masses are very small, ranging from 1.3 to 0.22rn0. This
indicates that there is no modification of the Fermi surface caused by the 4/ electrons.
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Fig。 5。43 Theoretical angular dependence of the dHvA■ equency in YЪ In3・
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Fig。 5。44 Calculated Fermi surf〔 Кes in Ybln3・
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5。5  UA13

5.5.L Electrical resistivity

We show in Fig. 5.45 the temperature dependence of the electrical resistivity p. The
resistivity decreases monotoniously with decreasing the temperature, reflecting the para-
magnetism. At low temperatures, the resistivity follovrs the Fermi liquid nature of a
T2-dependence below about 3 K: p : ps * AT, (A : 1.b0 x I0-2 p,Q. cm fK2), as shown in
an inset of Fig. 5.45. The positive curvature, however, appears around 200 K, indicating
the spin fluctuation-like behavior. The residual resistivity po and the residual resistivity
ratio pof po tre r.04p,Q 'cm and 88, respectively. In the previous report, pwrlpo wre
37.6r) The present single-crystal sample indicates the highest quatity as far as we know.

UA13
J〃 く100p

（日
９
Ｃ
ュ
）
Ｑ

Temperature (K)

Fig. 5.45 Temperature dependence of the electrical resistivity in UAls.

5.5.2 dHvA effect

We measured the dHvA effect in fields up to 170kOe and at temperatures down to
30mK. Figure 5.46 shows the typical dHvA oscillation and the corresponding FFT spec-

trum for the field along (100) direction. There are detected three dHvA branches named

8,1 and rp as well as the second ha,rmonics of branch "y. Branch 7/ might originate from
the same Fermi surface of branch 7. These branches are split due to the corrugated Fermi

surface, indicating ma:cimum and minimum cross-sections. We also show in Fig. 5.47 the
dHvA oscillation and its FFT spectrum at high magnetic fields. In addition to branch p
and 7, branch o is clearly observed, although the dHvA amplitude for branch o is small
compared to those for the other main branches.

lCXl

（日
９
ｑ
ュ
）
Ｑ

95



Next we show in Fig. 5.48 the angular dependence of the dHvA frequency in UAt3.
The branches, indicating small dHvA amplitudes, are displayed by small circles. The solid
lines are guides to eye. Branch 7 is nearly constant against the field angle, indicating the
spherical Fermi surface, although the signal disappears around the (110) direction.

|

169kOe 1ノII一

UA13
H〃 <100N
33 mK

(→

|

60kOe

dHvA Frequency (x107 Oe)

Fig. 5.46 (a) Typical dHvA oscillation and (b) its FFT spectrum for the field along (100)
direction in UAls.

We determined the cyclotron mass rni from the temperature dependence of the dHvA
amplitude A, namely from the slope of a mass plot of tn[A{l -exp(-2omiTlH)}]vs
7 by using eq. (4.29), as shown in Fig. 5.49. From this slope, the cyclotron ma,ss was

determined as 5.8msfor branch B,3.2msfor branch 7 and 3.0rno for branch rp for the
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169kOe 1/H……→レ
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155kOe
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L2
dHvA Frequency (x108 Oe)

Fig.5。47(a)dHVA osc■ lation and(b)itS FFT spectrum at high magnetic fleld in UA13・
The fleld angleお t通ted 18° ■om(100)tO(110)。

■eld along(100)direction.The mass of branch α is determined as 17π o for the neld

angle of 18° 士om(100)tO(110)・ The present large mass is consistent with the electronic

specinc heat coefncient 43 mJ/K2m01 in the prevlous report.6⇒

We also determined the Dingle temperatllre:Ъ ttOm the neld dependence ofthe dHvA

amplitudeス ,n〔mely ttom the slope ofln[ス″1/2 sinh(απ:T/″ )/J2(″刀VS I~1,by using

eq。 (4.37).Figure 5。 50 shows the so― called Dingle plot.The determined Dingle tempera―

ture for branches α,β and γ iS the same value of l。 lK,We call estimate the meall free

path ι by using the follo輌ngおrmulae:SF=π 4,あ昴 =π:Ъ adι =写τ.Here,たF iS
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Fig.5.48 Angular dependence ofthe dHvA■ equency in UA13・

half of the caliper dilnension of the spherical cross―s∝tion of the Ferlllli surface and υF iS
Fermi velocity.The mean free path Jis 410Å for branch α,730Å for brttch β and 940Å
for branch γ.

All deternlined cyck)tron mass,]Dingle temperatllre alld IIlean ttee path tte suIIIIna―

rized Table 5。 8

These results are compared to those of the FLAPW band calculation on the basis Of

the 5J―itinerant band lnodel. Fi〔昇re 5.51 shows the th∞ retical angular dependence of the

dHvA frequency.The corresponding Fermi surfaces are shown in Fig。 5.52.These Ferlni

surfaces are two in numbero One is a band 8-hole Ferlni sllrface centered at r pointo The

another is also a band 8-hole FerΠ li surface centered at R point. Both of the】 n tte closed
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Fig. 5.49 Mass plot for UAls.
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Thble 5.8 dHvA frequency F, cyclotron ma.ss rnl, Dingle temperature ?o and mean free
path I for UAl3.

I〃 (lCXl) ″〃(111)

β   3.67     5.8      1.1     730

γ
′   1.81     3.6

γ    l.72      3.2      1.1     940   γ   2.27      4.8      1.0    750
9  0.11    3.0

TThe data were obtained for the field along 18o tilted from (100) to (110).

Fermi surfaces. Branches a and 7 in experiments are in good agreement with the results
of band calculation, although neither branch is observed axound (110). This is most
Iikely due to the curvature factor, which is apparent in Fig. 5.52. Therefore we conclude
that branches o and 1 originate from the hole Fermi surfaces centered at R and f point,
respectively. In the previous paper, the "dogs bone" Fermi surfaces connecting the above

two Fermi surfaces at A axes are predicted by the band calculations. We believe that
there are not present, because branch 7 in Fig. 5.48 forms approximately a closed Fermi

surface. If the "dogs bone" Fermi surface exists, the cylindrical Fermi surface with a small
frequency must be detected around (111). We observed, however, no such a branch around
(111). Therefore the "dogs bone" surface does not exist. Branches 0, €, g, ( and 4 are not
predicted in the present band calculation. The modification of the calculations is required
to explain these experimental results. For example, in a Pauli paxamagnet of YbAl3, the
experimental dHvA data are well explained by the band calculations where the 4f energy

levels which are sited far below the Fermi level are slightly shifted.lo8) This modification
affects the Fermi surface because fhe 4f electrons become a substantial component of the
conduction band. The detected cyclotron masses are also large, reflecting a many-body
Kondo effect. The band calculation for UAI3 also requires the same consideration because

the UAls is a paramagnet possessing a large 7-value and cyclotron masses.

The calculated 7-value of 14.8 mJ/K2mol is a factor of.2.9 smaller than the experimen-

tal value in ref. (61). On the other hand, the calculated band masses arc 6ms for branch

o and 2ms for branch 7. The experimental cyclotron masses are 2.8 and 1.6 times larger

than the calculated ones. This enhancement of the cvclotron mass is consistent with that
of the ry-value.
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5.6 UGa3

S.6.L Electrical resistivity

Figure 5.53 shows the temperature dependence of the electrical resistivity p.loe'rro;

There is found a very small hump at ?N : 67 K, and the resistivity decreases with
decreasing the temperature, following a ?2-dependence below about 20K: p: po * AT2
(A: 8.79 x 10-3 p,Q-cm/K'), ." shown in an inset of Fig. 5.53. The residual resistivity
po and the residual resistivity ratio pw/po are 1.20pO. cm and 81, respectively. The
previous pwr/po values were 1.7 in ref. (64) and 38 in ref. (61). The present single.crystal
sample indicates the highest quality as far a.s we know, although there is a report on a
polycrystal sarnple with po/po : 100.6e) The overall temperature dependence of the
resistivity is the same as the previous one.61'6e'71)
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Fig. 5.53 Temperature dependence of the electrical resistivity in UGa3.

5.6.2 Magnetic susceptibility

Next we measured the magnetic susceptibility X, as shown in Fig. 5.54. The suscep

tibility exhibits a very weak temperature dependence in the paxamagnetic region. This

temperature dependence does not follow the Curie-Weiss law, as mentioned in Sec. 3.3. A
steep decrease of the susceptibility is found below ?N : 67 K, ffi shown by an axrow in an

inset of Fig. 5.54, and furthermore two anomalies are observed at ?r - 40 K and 7z - 8 K.

These data are the same as the previous result,73) although the previous experiment was

done only for the field along the (100) direction. We measured it for three typical field

3∞%
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Fig. 5.54 Temperature dependence of the magnetic susceptibility in UGas.

directions. The anomaly at Tr is, however, not observed for f/ ll (111), and furthermore
the susceptibility for H ll (111) has the smallest value arnong the three field directions.

These data simply suggest that the direction of the moments is (111). According to
the powder neutron difiraction study, uranium moments are aligned ferromagnetically in

{111} planes which are coupled antiferromagnetically to the adjacent {111} planes.Ta'75)

From the recent study of the neutron diffraction on a UGa3 single crystal,T6) it is proposed

that the moments are along (111), which is consistent with our susceptibility data. The
direction of the moments is, however, not conclusively determined at present.

In the temperature range between Tt = 40K and ?h : 67K, the value of the sus-

ceptibility along (100) is slightly smaller than that along (111). Thus it seems that the
moments in this temperature region are along (100) and change to be along (111) below

40 K. The moment reorientation is supported by the rapid increase of the intensities at
40K on the neutron experiment, as shown in Fig. 3.16.76)

5.6.3 Hall coefficient and thermoelectric power

There a,re no reports on the Hall coefficient Rs and thermoelectric power ,S. We

measured them to understand the electronic state and scattering mechanism of conduction
electrons. Figure 5.55 shows the temperature dependence of the Hall coefficient. I.t /-
electron systems, the Hall coefficient .Rn in the paramagnetic state is represented as

follows:

RH=R。 +4π異〕χ (5.10)

H〃 く11(》

Temperature (K)
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Fig. 5.55 Temperature dependence of the Hall coefficient in UGas.

: Ro + 4trR"py,

-10

300

Or

(5.11)

where .Ro is the normal Hall coefficient related to the carrier concentration and mobility,

-Rs is the anomalous Hall coefficient, X is the magnetic susceptibility and p is the resistivity.
Note that the normal Hall coefficient is approximately temperature-independent and the
anomalous part of p1 is temperature'dependent.

When we compaxe the result of the HalI coefficient to those of the susceptibility and

resistivity, eq. (5.10) is not applied to the temperature dependence of the Hall coefficient

for UGa3 because Bs shows a broad maximum around 200 K. We suppose that eq. (5.11)

might explain the temperature dependence of the Hall coefficient. Figure 5.56 shows

the py vs Rs relation. In the paxamagnetic region, the Hall coefficient is found to be

proportional to py. Ftom this relation, we can get the normal Hall coefficient l% :
-6.0 x 10-acm3/coul., extrapolated to 0K, as shown by a broken line in Fig. 5.56. As

shown in Figs. 5.55 and 5.56, the Hall coefficient is drastically changed below fi1. The

sign is changed from positive to negative and a R11-value of *1.0 x 10-3 cm3/coul. at
1.3K is different from the value of fio: -6.0 x 10-acm3/coul. estimated above. These

results indicate that the electronic states are changed and/or the scattering mechanism

is drastically changed below ?N.

The 4/-electronic properties can be well explained by the localized 4/-electron model.

In some case, the 4/-electrons hybridize significantly with conduction electrons, forming

a heavy electron system at low temperatures. On the other ha^nd, the 3d-electrons are
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Fig. 5.56 pl vs fi11 relation in UGae.

responsible for ferromagnetism in such transition metals as Ni and Fe, which can be
described on the basis of the itinerant 3d-electron model. Equation (5.10) is applied to
the localized 4/-electron system. On the other hand, the eq. (5.11), which is based on the
skew scattering, is often applied to the itinerant 3d-electron system. The present Hall
coefficient might be qualitatively close to the itinerant 3d-electron system.

Next we show in Fig. 5.57 the temperature dependence of the thermoelectric power S.

A value of the thermoelectric power itself is large at room temperature as in the heavy
electron system. The thermoelectric power is represented by an energy derivative of the
density of states. A positive thermoelectric power is consistent with the recent result of the
theoretical density of states based on the energy band structure calculations.ol) As shown

in Fig. 5.57, the thermoelectric power decreases steeply below ?h : 67 K. The anomalies

at fi and T2 are also reflected in the thermoelectric power as in the susceptibility data,
as shown in an inset of Fig. 5.57.

5.6.4 Specific heat

Figure 5.58 shows the temperature dependence of the specific heat. A solid line in
Fig. 5.58 is a guide line. A small increase at 67 K is due to the antiferromagnetic ordering,
although the data points are scattered above 40 K. Moreover, the magnetic contribution to
the specific heat appears to be considerably small. This is consistent with the previous re-

sults which shows the reduced magnetic entropy.6e) An inset indicates the ?2-dependence

of the specific heat in the form of C lT. The specific heat C is well explained by the sim-
ple form of 1T + P*7.3, where the second term consists of phonon and antiferromagnetic

216K

72K L.---'

UGa,

I il [rool
H // [010]
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Fig.5.57 Temperature dependence ofthe thermoelectric Power in UGa3・

contributions.Aγ―value is obtained as 52 mJ/K2.mOl,which is in good agreement with

the previous result.69)The present 4 and γ vallles ae approximttely consistent with the

well―known Kadowaki― Woods relation,32,111)as showll in Fig。 5。 59.

0            20           40           60           80
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Fig. 5.58 Temperature dependence of the specific heat in UGae.
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5.6.5 Magnetoresistance

To investigate the Fermi surfaces of UGa3, we mea"sured the transverse magnetoresis-

tance. We shovr in Figs. 5.60 and 5.61 the angular dependence of the transverse magne-

toresistance Aplp = {p(H) - p(0)}lp(0) and the field dependence of L,plp for the typical
three directions, respectively. The magnetoresistance increases a,s Hn (n : 1.6-1.7) for
any field direction, where solid lines indicate fitting lines.

The transverse magnetoresistance, in which the directions of magnetic field and current
are perpendicular to each other, provides important information on the overall topology
of the Fermi surface. For a compensated metal with equal carrier numbers of electrons

and holes without open orbits, Lplp increases as Hn (l < n < 2) for a general field
direction. Note that the integer n is not equal to 2 because the high-field condition is

not fully satisfied in the real sample. In the high-field condition, the magnetoresistance

increases quadratically; A,pl p - (w"r)2, where w. (: eH lmic) is the cyclotron frequency,

rni is the cyclotron effective mass and r is the scattering lifetime.

The present results directly indicate that UGas is a compensated metal without open

orbits. Namely, Fermi surfaces consist of closed ones. The very recent paper reported the
similar field dependence, although the magnetoresistance measurement was carried out
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Fig. 5.61 Field dependence of the transverse magnetoresistance in UGa3.

for one field direction.6l) The A,plp value at 110kOe is reported to be 0.7 as shown in
Fig. 3.10, which is compared to a present large value of Aplp: 4 at 110kOe in Fig. 5.61.

The sample in ref. (61) has pwrlpo - 38, which is compared to our high-quality sample

with pof po: 81.

5.6.6 dHvA effect

Next we measured the dHvA oscillation. Figure 5.62 shows the typical dHvA oscilla-
tion for the field along (100) at 40mK and the corresponding fast Fourier transformation
(FFT) spectrum. There are detected three dHvA branches named o, 7 and d as well as
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Fig. 5.62 (a) Tlpical dHvA oscillation and (b) the corresponding FFT spectrum in UGa3.

their harmonics. When the field is reduced and/or the field direction is tilted from (100),

branches B and r a,re detected clea.rly. These branches are shown in Fig. 5.63 by large

circles.

By using eq. (4.29), we determined the cyclotron effective mass rni from the tem-
perature dependence of the dHvA amplitude A, namely from the slope of a plot of
ln[A{l - exp(-2a^;f lH)}l vs ? on the basis of a method of successive approximations,

as shown in Fig. 5.64. Flom this slope, the cyclotron mass was determined as 3.5 rn6 for

branch a,2.5rne for branch 7 and 2.5mo for branch 6 for the field along (100) direction.

Every branches possess moderately heavy masses although they are small Fermi surfaces.

εδ
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The cyclotron lnasses fbr the other directions are shown in Thble 5。 9.

We also deterIIlined the Dingle temperature ttonl the fleld dependence of the dHvA

amplitude by using eq.(4.37),nalnely ttom the slope of lnIス ″1/2 sinh(απ:T/〃 )/J2(″湖
vs″~1.Figure 5.65 shows the so― called Dingle pbt.■om this slope,TD a10ng(100)iS

obtained as O。 19 K for branch α,0。 32 K for branch γ and O.36 K for branch δ.Assuming

that the cross sections are circles,we can use the bllowingお rmulae of SF=π畔 ,あたF=
π:υF and ι=υFτ・Here,たF iS half of the cdiper dimension of the spherical cross― section

of the Fermi surface and η iS Fermi velocity ■om above equations,w can simply

obtain the meall ttee path ι.It is 2900Å fOr branch α dong(100)。 The ι_vallle is large,

indictting a high― quality smpleo All determined Dingle temperatures and mean free
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Table 5.9 dHvA frequency F, cyclotron mass rnj, Dingle temperature ?e and mean free
path I for UGa3.

I‖ (llX3) ″‖(110) ″‖(111)

０
】目●．０お
）
｛睫
〔（要
卜
甘
じ
Ｎ‐）Ｏｘｏ，】マ
｝〓

1.00。5

α  7.52     3.5     0.29  2100

β
′ 6.21

β 6.∞
α 5.89

γ 4.71
δ  2.76
●  1.91

∞

∞

∞

”

２．

１４

９

２

６

０

０

０

α 7.6C1   5.0
β
′ 5.84

β  5.62     2.3     0.52  1500
γ  5.49
δ  3.29     3.8     0.67  580
ε 2.19

β
′ 5.88

7  5.83     3.1     0.36  1700
δ  3.85

ε  2.62

paths are summaxized in Table 5.9

Main five branches are closed Fermi surfaces in topolory, although branch B corr*
sponds to a nearly spherical one, and a signal of branch a is not observed around (110),

which might be closely related to the curvature of this Fermi surface. Closed Fermi sur-

faces are consistent with the result of the magnetoresistance experiments. Anyway, these

Fermi surfaces are small in volume. For example, the volume of the branch c is about
0S% in the fcc magnetic Brillouin zone. If the Fermi surface of UGa3 might consist of
the present branches, UGag could be a semimetal with a2.5To volume of the fcc magnetic

Brillouin zone. This speculation is not consistent with the 7-value of. 52mJ lK2 . mol be-

cause the electronic specific heat coefficient due to branch o, for example, is estimated
as 1.8 mJ lK2 . mol. The totat value due to five branches is about 4-5 mJ lK2 . mol, which
is by one order smaller than the 7-value. There exist another large Fermi surfaces, not
observed by the present dHvA experiments. The large Fermi surfaces are theoretically
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Fig. 5.66 Dingle plot for UGag.

expected in the recent band calculations.ol)

In Fig. 5.63, we added another branches named d', 0' orrd 7', shown by small circles.

Characteristic features a,re as follows. The dHvA amplitudes of these branches a,re ex-

tremely small, and angular dependencies of the dHvA frequencies are almost the same as

the corresponding main branches. For example, branch o'is not clearly observed but the
second harmonic 2a' is ascertained in Fig. 5.62. The a.ngular dependence of branch o' is
almost the same as that of branch o.

There are three possibilities to explain them. One is due to Fermi surfaces with up
and down-spin states. Another is related to a corrugated Fermi surface, possessing a

maximum and minimum cross-sections for each Fermi surface. The last is ascribed to
subgrains. Namely the present sample might contain a small subgrain whose crystal axes

are slightly different from those of a main subgrain. The last is most probable, although
it is strange that branch o and o' degenerate at (111). The origin of these branches is

not clear at present.

Lastly we discuss the metarnagnetic transition at H11 - L2lkOe and dHvA results

noted in ref. (61). As seen in Fig. 5.66 (a), we have no such transition around 120kOe.

Figures 5.66 (b) and (c) show FFT spectra in the field range below and above 120kOe,

respectively. There is no difference between them. As the present sample is much better
than that in ref. (61), Existence of the metamagnetic transition on which they insist is
less reliable. Their dHvA data are also explained by harmonics of fundamental branches

a, 7 and d, which are in principle the same as the present results.

UGa3
H〃 く100p

α

叫 =3.5m。
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γ
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O.32K
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5.7 UXz (X : P, As, Sb, Bi)

5.7.1, Electrical resistivity

Figure 5.67 shows the temperature dependence of the electrical resistivity in UX2 (X
: P, As, Sb, Bi) for the current along [1001.it0'ttz) The resistivity decreases abruptly
below 204K in UP2, 274K in UAs2, 203 K in USbz and 181K in UBi2. These indicate
the antiferromagnetic orderings mentioned in Sec. 3.4. The values of these transition
temperatures, namely, the N6el temperatures a,re in good agreement with those in the
previous results.sl'85'113) go'utall, the Neel temperatures of UX2 are considerably high. It
is worth noting that the N6el temperatrues of UX2 decrease with increa.sing the lattice
constant except the case of UP2. This is due to the hybridization of 5/-electrons with
the conduction electrons, which is sensitive to U-U distance. UP2 holds on the special
position among UX2 series. Similar results are obtained in Ualia (X : R As, Sb, Bi).85)

The unique feature on UP2 also appears in the behavior of the resistivity below fi{. The
resistivity of UP2 shows the positive curvature in the temperature range from 200 to
100 K, while the resistivities in other UX2 compounds show the negative curvature.

The residual resistivities of UPz, UAsz, USbz and UBiz are po.sx : 0.11;-rO - cm,

Po : 0.29 p'Q ' crrr,, Prlx : 2.97 p'Q' cm and po.sK : 2.8 p'Q' cm, respectively. The
residual resistivity ratios (RRR) of UP2, UAs2, USbz and UBi2 are pw/po.sx: 2900,

pwr/po: 580, pwrlptax:80 and pwlpo.bK :22, respectively. Here we note that
the samples in UP2 and UAs2, which axe grown by the chemical transport method, are

whisker-shaped, while the samples in USb2 and UBiz are bulk grown by the self-flux
method. These values of RRR indicate the high quality of the obtained sarnples and is
usually sufficient to detect the dHvA signal. In particular, the value of RRR in UP2 is

extremely large, which is largest in all of the uranium compounds as far as we know.

To investigate the twedimensionality of UXz compounds, sre measured the electrical

resistivities in USb2 and UBiz for the current along [001]. Figure 5.68 (a) shovrs the

temperature dependence of the resistivity along [001] and [100] in USb2. The anisotropy

ratio p,*r, lp,,,,,l = p"lpo is shown in Fig 5.68 (b). Experimental results a,re consistent

with the previous results.8s) A large hump below fi1 along [OOt] indicates that the two-

dimensionality in USbz is enhanced due to the antiferromagnetic ordering. This is simply

understood as the reconstruction of the Fermi surfaces. As mentioned in Sec. 3.4, the

magnetic unit cell of USbz is doubled along the [001] direction with respect to the chemical

unit cell, which brings about a strongly flattened magnetic Brillouin zone. Therefore, it is
expected that the slightly isotropic Fermi surfaces in the paramagnetic state are changed

into the strong twedimensional Fermi surfaces in the antiferromagnetic state. However,

even in the pa,ramagnetic state, Fermi surfaces possess two-dimensionality, because the

Brillouin zone is still flat (k"lkr:0.49). The anisotropy ratio p"lpo in USbz is, however,

rather small. It is usually 102-103. We will discuss this point in Sec. 5.7.3 with the dHvA
results.
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Fig. 5.67 Temperature dependence of the electrical resistivity in UXz (X : R As, Sb,
Bi).

On the other hand, the resistivity along [001] in UBi2 shows no hump below 7N, as

shown in Fig. 5.69. This result indicates that Fermi surfaces in UBi2 are not reconstructed
by the antiferromagnetic ordering, since the magnetic unit cell is the sarne as the chemical
one, yielding no flattened magnetic Brillouin zone. The anisotropy ratio p"f po in UBi2 is
large. It is about 500 at room temperature, indicating the two-dimensional properties on
conduction electrons. The residual resistivity ratio along [001] is 180, which displays the
high-quality of the sample.

5.7.2 Specific heat

We show in Fig. 5.70 the ?2-dependence of the specific heat in the form of C /7. At
low temperatures, the specific heat can be simply expressed as CIT :1+ BT2. Here

we note that the UX2 (X - R As, Sb, Bi) compounds are antiferromagnets, possessing

relatively high N6el temperatures. Thus the magnetic contribution to the specific heat
is proportional to T3 at low temperatures. The electronic specific heat coefficient 7 is
determined as 27 mJ/K2mol for UP2, 7L.7mJlK2mol for UAs2, 26mJlK2mol for USb2

and 20mJ/K2mol for UBi2, although the data for UP2 are scattered. The determined

7-value of UP2 is different from the previously reported 20mJ/K2mol.81) The 7-value
of USbz is in good agreement with the previous result of.2\mJ/K2mol. On the other
hand, in UAs2 there is a large discrepancy between our result and the previous one of
45mJ/K2mol.8l)
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Fig. 5.68 (a) Temperature dependences of the electrical resistivity along [001] and [100]
and (b) of the anisotropy ratio ppo4l pgoo. = p.l po in USb2.
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Fig. 5.69 (a) Temperature dependences of the electrical resistivity along [001] and [100]
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5.7.3 dHvA effect and SdH effect

We measured the SdH (Shubnikov-de Hu*) effect for UAs2 by using a whisker-shaped

sample and the dHvA effect for USb2 and UBi2 by using bulk samples.

1) Results of SdH effect in UAs2

First we show the results of UAs2.11a) The SdH experiments were performed using

both the field-modulation and DC techniques in magnetic fields up to 130kOe and at
temperatures down to 0.4 K. The current is along the [100] direction and its typical
value is 3 mA. A typical SdH oscillation for the field along [001] and the corresponding

fast Fourier transformation (FFT) spectrum are shown in Fig 5.71. Five dHvA branches

named here o, ^1,6, € and ( were found in the spectrum, in addition to the harmonics, sums

and differences of the branches. All detected SdH branches have relatively small dHvA
frequencies F (: hcSplhre), ranging ftom7.24 x 106 to 4.33 x 107Oe. These frequencies

are proportional to the extremal (maximum or minimum) cross-sectional areas of the

Fermi surfaces ^9r. We have tilted the field direction from [001] to [100] by rotating the

sample. Figure 5.72 shows the angular dependence of the SdH frequency. It follows the

l/cos0-dependence for all branches except branch (, where 0 denotes a tilt angle. Solid
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lines for branch d, ^1,6 and e in Fig. 5.72 show thellcos0-dependence. For example,
branch o follows theLlcosd-dependence up to 65o. These results indicate that branch
a, "f , 6 and e originate from cylindrical Fermi surfaces. Branch ( is observed only around

[001]. Thus it is difficult to mention the shape of the Fermi surface originated from branch

C.

UAs2

|

130kOe 1/H 一
|

60kOe

螂隣
5

SdH Frequency(x107。。)

Fig.5。 71(a)1ンpical SdH Oscillation and(b)the cOrresponding FFT spectrum in UAs2・

Next we determined the cyclotron efFective mass π:,frOm the tempertture dependence

ofthe SdH mplitude by using eq。 (4.29).Figure 5.73 shows the so― called mass plot.FЮm
its slope,the cyclotron mass was deterlnined as 2.4γ ■。fbr branch α,3.l γno for γ,2.l γn。

H〃 [001]
0.45K
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Fig.5。72 Angular dependence of the SdH frequencies in UAs2・

for δ,1.2 πofor ε and O。 34πo for c,where mo is the rest mass of〔 m electron.The masses

are rather lttge because the corresponding Fernli surface sheets are not large.

We also determined the Dingle temperatllre`Ъ (=ん/2π亀7)frOm the neld depelldence

of the dHvA amplitude by using eq。
(4。37),where■ )iS illVersely proportional to the

scattering lifetilne of the conduction electrons τ. Fitte 5。 74 shows the so― called E)ingle

plot.■ om its slope,the Dingle temperatllre was determined as 3.2 K for branch α,1.5K
for γ,1.4 K for δ,2.3 K for ε and 8.6K for ξ.■Om the simple relations:

SF=7TたF2,                  (5。 12)

ん跡 =π:υF              (5.13)
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Fig.5。 73 Mass p10t fOr UAs2・

‐ ble 5。 10 SdH■equency F and the cyclotron mass m:,the Dingle temperature rb and
the mean tee path ι at″ ‖pOtt for UAs2・

brttch F(× 1060e)m:(m。)TD(K)J(A)
α    42.3        2.4       3.2       660

γ     19.8        3.1       1.5       730
δ    15.0        2.1       1.4      1000

ε     ll.1          1.2        2.3        910

ξ      7.2        0.34      8.6       720

and

I : t)rT,, (5.14)

where kp is a half of the caliper dimension of ,Sp and u,, is Fermi velocity, we can estimate

the mean free path /. It is 660 A for branch a,, 730A for 7, 1000 A for d, 910 A for e and
720 L for (.

Fermi surface properties in UAs2 a.re summaxized in Table 5.10.

2) Results of dHvA effect in USb2

Next we show the results of the dHvA effect in USbz.ll2) The dHvA experiments were

carried out by a conventional field modulation method, in magnetic fields up to 170kOe

and at temperatures down to 30mK. A typical dHvA oscillation for the field along [001]
direction and its fast Fourier transformation (FFT) spectrum are shown in Fig 5.75. Four
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Fig. 5.74 Dingle plot for UAsz.

dHvA branches named here c, 7, 6 and e were found in the spectrum, in addition to
the harmonics, sums a,nd differences of the branches. All branches in USb2 are roughly
consistent with those in UAs2, although branch ( observed in UAs2 does not appears in
USb2. The detected dHvA frequencies in USbz are slightly smaller than the corresponding

SdH frequency in UAs2. For example, the value of frequency, which is proportional to
cross sectional-area of Fermi surface, for branch o in USb2 is 88 % for that in UAs2. This
is due to the smaller Brillouin zone in USbz, whose area, pe{pendicular to [001] direction,
is ko2 :2.L63 x 1016cffi-2, while the area in UAs2 is ko2 :2.525 x 1016cm-2. Thus
the area of Brillouin zone in USb2 is 88 % smaller than that in UAs2, which is in good

agreement with the reduction of the frequency in USbz.

We tilted the field direction from [001] to [100] by rotating the sample. Figure 5.76

shows the angular dependence of the dHvA frequency in USb2. It follows thellcosd-
dependence for branch o, 1, 6 and e. Solid lines for these branches in Fig. 5.76 show

thellcosd-dependence. These results indicate that branch d,^1,6 and e originate from
cylindrical Fermi surfaces. Surprisingly, branch e follows the 1/cosd-dependence up to
83.5o, showing a nearly complete cylindrical Fermi surface. Flom this result, we can

conclude that the Fermi surfaces in USb2 are almost the same as those in UAs2. It is

interesting that the branch at about 2.5 x 107 Oe appears around [100] and [110] direction
in Fig. 5.76. Figure 5.77 shows the typical dHvA oscillation and its FFT spectrum around

[100] direction. The dHvA amplitude abruptly increases from 100kOe with increasing the

magnetic field.
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Fig. 5.75 (a) Typical dHvA oscillation and (b) the corresponding FFT spectrum in USbz.

Next we determined the cyclotron effective ma.ss rn:, from the temperature dependence

of the dHvA amplitude by using eq. (4.29). Figure 5.78 shows the socalled mass plot

for the field along [001]. Ftom its slope, the cyclotron mass was determined as 3.78ms

for branch o, 6.01 m4 for 7, 3.83 m6 for d and 1.96 rns for e. The masses are rather large

because the corresponding Fermi surface sheets are not large. Here we note that the mass

of branch o is almost the same as that of branch d. We also determined the cyclotron

mass for the branch of.2.3 x 107Oe along [100]. The detected cyclotron mass is 3lms,
which is exceptionally large compared to the cyclotron mass along [001].

0

2oo-8
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Fig。 5。 76 Angular dependence ofthe dHvA■ equencies in USb2・

Next we determined the Dingle temperatllre TD(=ん /2πんB7)frOm the neld dependence

ofthe dHvA alnphtude,by using eq。 (4.37).Figure 5。 79 shows the sccalled Dingle plot.

From its slope,the Dingle temperattre was deterrnlned as O。 45 K for branch α,0。 24 K for

γ,0。 35 K forδ and O.54 K for ε.■Om the simple relations mentioned in eqs。 (5,12)― (5。 14),

we can estimtte the meall free path J.It is 2900Å fOr branch α,2300Å for γ,2000Å fOr

δ and 2000Å fOr ε.These indicate the high quality of the sample.

Fermi surface properties in USb2 are Sumlnarized in Table 5。 11.
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H〃 7°
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1234
dHvA Frequency(x107。 c)

Fig。 5。77(a)TypiCal dHvA oscillation ttld(b)the COrresponding FFT spectrum around

[lⅨ)ldm∝ tion in USb2・

3)Results of dHvA erect in uBi2

We show the results of the dHvA efect in UBi2・ The dHvA experiments in UBi2

were carried out under the sme condition as in USb2・  A typic圧[dHvA oscillation for the

neld along[0011 direction ttd its fast Follrier transformation(FFT)speCtrum are shown

in Fig 5.80。 Two fundamentd dHvA brandles named here α and β were fOund in the
spectrunl,in addition to the harmonics, sums and difFerences of the branches. Branch

β originates from the sttne Fermi surface as in branch β,as mentioned below.We also
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llable 5.1L dHvA frequency F and the cyclotron mass rni, the Dingle temperature ?p
and the mean free path I for USb2.

α    38.2
γ     17.8
δ     12.2
ε      7.56

∬ ‖
「
00〕

23.3

3.78     0.45

6.01     0.24

3.83     0.35

1.96     0.54

31

show in Fig. 5.81 the dHvA oscillation and its FFT spectrum for the field along [100].
Although branch 0 is not observed, branch a clearly appears together with its harmonics.

We tilted the field direction from [001] to [100] by rotating the sample. Figure 5.82
shows the angular dependence of the dHvA frequency in UBi2. It follows the 1/cosd-
dependence for branch B or 0' up to 81". A Solid line for these branches in Fig. 5.82

shows the I/cosd-dependence. These results indicate that branch 0 or g'originates from
cylindrical Fermi surfaces. Split branches B and B' along [001] degenerate a,round 23".
Therefore branches B and B' correspond to the minimum and maximum cross-sectional
area of the cylindrical Fermi surface, respectively. These branches above 30' split again
into three or four in number. Two rea.sons can be considered to explain this. One is due to
the maximum and minimum cross-sectional area as mentioned above. Another is due to
a possibility of the sample containing a small tilted subgrain. The effect of this subgrain
is negligible around [001] where the dHvA frequencies are almost constant. However,
when the frequencies change drastically with increasing the field angle, the branch from
the small subgrain is clearly observed. In contrast to the behavior of branches B and

B', branch a is almost constant against the field angle. This indicates that branch a
originates from a spherical Fermi surface. Anyway, the results of angula^r dependence
in UBi2 is highly different from those in USb2 and UAs2, although branch B in UBi2
corresponds to the cylindrical Fermi surfaces. It is interesting that the cylindrical Fermi
surface is formed in the non-flattened magnetic Brillouin zone of UBi2.

Next we determined the cyclotron effective mass rni, from the temperature dependence

of the dHvA amplitude by using eq. (4.29) Figure 5.83 shows the secalled mass plot for the
field along [001]. F]om its slope, the cyclotron mass was determined as g.2ms for branch
o, 6.3 ms for 0' artd 4.4ms for B. The masses are rather large because the corresponding
Fermi surface sheets are not large in volume.

Next we determined the Dingle temperature fD e h/2trksr) from the field dependence

of the dHvA amplitude, by using eq. (4.37). Figure 5.79 shows the so-called Dingle plot.
Fbom its slope, the Dingle temperature was determined as 0.11K for branch o and 0.17K
for B. Flom the simple relations mentioned in eqs. (5.12)-(5.14), we can estimate the
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50 mK

(a)
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169kOe 1/11~
|

60kOe

0             50             100
dHvA Frequcncy(x106。 c)

Fig. 5.80 (a) Tlpical dHvA oscillation and (b) the corresponding FFT spectrum for the
field along [001] in UBi2.

mean free path l. It is 46004 for branch o and 31004 for B. These indicate the high
quality of the sample.

Fermi surface properties in UBi2 are summarized in Table 5.11.

5.7.4 Magnetoresistance

To study the twodimensional Fermi surface in USb2, we mea,sured the magnetoresis-

tance in magnetic fields up to 170kOe and at temperatures down to 40mK. The current
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H〃 [100]
60 mK

(a)

|

169kOe 1/H一

dHvA Frequency (x106 Oe)

Fig.5。 81(a)]町piCal dHVA oscillation and(b)the COrresponding FFT spectrum for the
fleld along llCXll in uB12・

‐ ble 5。 12 dHvA frequency F and the cyclotron mass m:,the Dingle temperature 2Ъ
and the mean free path ι at lr‖ pott br UB12・

branch F(x1060e)鶴 :(m。)TD(K)J(A)
α    33.6        9.2       0.11     4600

β
′   10.0      6.3
β     9.10       4.4       0.17     3100
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Fig. 5.82 Angular dependence of the dHvA frequencies in UBiz.

was directed along the [001] direction and the sample wa.s rotated from I/ ll [001] to
// ll [100], as shown in an inset of Fig. 5.87.

First we show in Fig. 5.85 (a) the field dependence of the magnetoresistance for the
field along [001] and [100] directions. Here we note that the A,plp is defined as Aplp :
@@) - p(0))lp(0). The magnetoresistance along [100] increases with increasing the field,
showing no saturation, although it seems to oscillate at high fields. On the other hand,

the magnetoresistance along [001] is saturated and also shows the oscillatory behavior
at high fields. Thus the open orbit is expected along the [001] direction. This result is
consistent with that of the dHvA effect indicating the existence of the cylindrical Fermi

surfaces.
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F\uthermore, we measured the magnetoresistance with very small step fields in order
to investigate the oscillatory behavior, as shown in Fig 5.85 (b). This measurements

were done by sweeping the magnetic field continuously and under the constant current
without changing polarity, as if to measure the SdH effect by the DC method. Therefore,

the absolute value of the magnetoresistance is less reliable than that in Fig. 5.85 (a),

although the overall behavior is almost the same. The oscillations were clearly detected

and confirmed as the SdH effect. Figure 5.86 shows the corresponding FFT spectra derived

from the magnetoresistance in Fig. 5.85 (b). Fundarnental bra,nches d, ^1,6 and e along

[001] appear in Fig. 5.86 (a), in good agreement with the results of the dHvA effect. The
branch along [100] in Fig. 5.86 (b) is also in good agreement with the dHvA results. It is
worth noting that the SdH amplitude along [100] increases abruptly from 110kOe, as in
the case of dHvA effect.

Next we show in Fig. 5.87 the angular dependence of the magnetoresistance at 170kOe

in USbz. The A,plp is equal to 0.47 along [001], whereas 4.87 along [100], showing large

anisotropy. This also indicates that there are open orbits along [001]. In particular, the
sharp peak is observed at [100]. Incidentally, it is expected that an angle.dependent mag-

netoresistance oscillation (AMRO), se'called Yamaji effect, is observed in USb2, because

the all Fermi surfaces are cylindrical. However, as it is apparent in Fig. 5.87, the Yamaji
effect is not observed.
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Fig. 5.85 Field dependence of the magnetoresistance for the principal field direction in
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Fig。 5。 86 FFT spectra derived from the SdH oscillatiolls in USb2
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5.7.5 Discussion on Fermi surface properties

Before discussing the electronic nature of 5/ electrons in UX2, we will first describe

the general properties of 3d or 4f electron system.

The 3d-electrons axe responsible for ferromagnetism in such transition metals as Ni
and Fe, which can be described on the basis of the itinerant 3d-electron model. On
the other hand, the 4/-electron properties can be well explained by the localized 4f-
electron model. In some ca^ses, the 4/-electrons hybridize significantly with the conduction
electrons, forming a heavy electron system at low temperatures. Namely, the 4/-levels of
the Ce3+ ion at high temperatures are generally sptit into three doublets because tbe 4f -
electrons are almost localized and the magnetic susceptibility follows the Curie-Weiss law,
as mentioned in Chap. 2. At low temperatures, the magnetic entropy of the ground-state
doublet in the 4/-levels or the magnetic specific heat C- is changed into the electronic
specific heat 1T via the many-body Kondo effect as follows:
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Ｒ
(5。 15)

(5.16)

The value of 7 can be obtained as

γ = ～型  (mJ/K2m01)。
RIn 2

(5.17)

象

In fact, this value is 1600mJ/K2mol for fi1 :5K in CeCuo and 350mJ/K2mol for
TK : 20 K in CeRuzSiz.

In many aspects, however, the /-electron nature in the uranium compounds is difierent
from that in the rare earth compounds. For example, the magnetic susceptibility of USb2

follows the Curie.Weiss law with the effective magnetic moment of F.n: 3.04 pslU in the
temperature range from220 to 4006.1t5) The ordered moment is, however, 1.88 pB,lU.
This value can be compared to 3 p,"/U in a ferromaguetic compound UGaz, where the
5/ electrons axe considered to be localized. The 5/ electrons have an intermediate char-

acter between the 3d and 4/ electrons, and their nature is dual: partially itinerant and
partially localized. The determined 7-value of UAs2, USb2 and UBi2 are 11.7mJfK2mol,
26mJlK2mol and 2}mJfK2mol, respectively, which is not small because the detected

Fermi surfaces have small volume. In fact, the cyclotron mass along [001] in UAs2, USb2

and UBi2 is in the range from 2.0 to 9.2ms. This large cyclotron mass thus originates
from the contribution of 5/-electrons.

uBi2

Next we discuss the Fermi surfaces of UBi2. UBiz could be a good reference to consider

the Fermi surface properties of USb2 or UAs2, because the magnetic Brillouin zone in
UBi2 is not flattened but the same as the chemical one in the antiferromagnetic state.

138



Actually, the detected dHvA branches are two in number, showing a relatively simple
angular dependence. As described previously, the Fermi surfaces consist of a cylindrical
Fermi surface named branch p and a spherical one named branch o. The volume of
the cylindrical Fermi surface occupies 4.8% of the magnetic Brillouin zone, whereas the
spherical Fermi surface occupies 9.9%. As the magnetic unit cell contains two molecules

of UBi2, UBi2 is a compensated metal with equal carrier numbers of electrons and holes.

Thus if we a^ssume that there a,re one spherical Fermi surface from electrons and two
cylindrical Fermi surfaces from holes in the magnetic Brillouin zorne, the number of canier
is well compensated, where the electron and the hole occupy 9.9% and 9.6%. We show

in Fig. 5.88 (a) the schematic magnetic Brillouin zone and the Fermi surfaces in UBi2 on
the basis of this speculation. Here we note the Brillouin zone where the spherical Fermi
surface exists is different from that where the cylindrical Fermi surfaces exist, although in
Fig. 5.88 (a) these Fermi surfaces are shown all together in the sarne mag[etic Brillouin
zorLe.

F\rrthermore we calculated the "y-value from these Fermi surfaces, using eqs. (4.32) and
(4.36). The estimated ,y-values from branches a and 0 ue 7a : 8.1mJ/K2mol and 79 :
4.9mJlKzmol, respectively. Thus the totat 7-value is 1o6s :7o*2^yp:17.9mJlK2mol,
which is in good agreement with 20mJ/K2mol determined from the specific heat mea-

surements.

Let us now consider the two'dimensionality of the Fermi surface in UBi2. As is appar-
ent from the electrical resistivity shown in Fig. 5.69, twodimensionality of the conduction
electron is strong. This is confirmed by our dHvA experiments indicating the cylinder
Fbrmi surface. The reason of this two-dimensionality is due to the characteristic crystal
structure where the Bi and U planes are stacked along [001], as shown in Fig. 3.20 (b).

Recently, cylindrical Fermi surfaces were observed in CePtAs and CePtR where the hexag-

onal crystal structure has the similar sequence of the Ce- and (Pt-As)-basal planes.116)

The Pt and As atoms are in the same basal plane. The strong hybridization between the
5d electrons of Pt and the 4p electrons of As in the Pt-As plane causes the quasi two
dimensional character of the electronic band structure. The cyclotron mass is thus small,

ranging from 0.47 to 0.84 msin CePtAs and 0.34 to 0.80 msin CePtP, for the similar mag-

nitude of dHvA frequencies as in UBi2. The cyclotron ma,ss in USb2 is, however, large. It
is thus concluded that the 5/ electrons become itinerant, contributing to the conduction
band. The conduction electrons are thus due to 5/, 6d and 7s electrons in the U-plane. It
is expected that these conductive U-planes axe separated by the non-conductive Biplanes,
bringing about the twedimensional character. It is interesting that the cylindrical Fermi

surface exists in UBi2, although the antiferromagnetic ordering in UBi2 does not induce

the flattened magnetic Brillouin zone as in USbz, It is also worth noting that the spherical

Fermi surface is very close to the Brillouin zone boundary, as shown in Fig. 5.88 (a).
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(a)

UBiz

(b)
USbz

Fig. 5.88 Schematic magnetic Brillouin zone and the Fermi surfaces (a) for branches a
and B in UBiz (b) for branches a,.f , 6 and e in USb2.
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usb2

On the contrary to UBi2, the flattened magnetic Brillouin zone is realized in the
antiferromaguetic state on USb2, while the Brillouin zone in the paxamagnetic state is
the same as that in UBiz. Hence, it is expected that the base of the Fermi surface in
USb2 is the same as that in UBi2 in the paramagnetic state, althoguh it is modified due

to the magnetic Brillouin zone. Flom the angular dependence of the dHvA frequency
in Fig. 5.76, it is clarified that all Fermi surfaces consist of cylinder ones in USbz. The
detected cylinder Fermi surfaces occupy in the magnetic Brillouin zone 16.84 To for branch
a,7.85Yofor bra^nch 1,5.407ofor branch6and 3.3370forbranche. Asthemagneticunit
cell contains the four molecules of USb2, shown in Fig. 3.20 (a), USbz is a compensated
metal with equal carrier numbers of the electrons and holes. To compensate the number
of carrier, therefore we can assume as follows:

one electron-Fermi surface from branch o.
one electron-Fbrmi surface from bra.nch d,

two hole-Fermi surfaces from branch 7 and

two hole-Fermi surfaces from branch e.

On this assumption, electron-Fermi surfaces occupy 22.24,% and hole'Fermi surfaces oc-

cupy 22.36 %, showing well compensated. Figure 5.88 (b) shows the schematic magnetic

Brillouin zone and the Fermi surfaces in USbz from this speculation. Here we note that
in Fig. 5.88 (a) the detected Fermi surfaces are shown all together in the same magnetic

Brillouin zone.

F\rrthermore we calculated the electronic specific coefficient 7 from these Fermi sur-

faces, using eq. (4.36). The estimated 7-values axe ?a : 3.4 mJ/K2mol, .yt :5.4 mJ/K2mol,

1a : 3.4mJ/K2mol and 7e : l.8mJ/K2mol. Thus the total 7-value is ?ror"r : 7a * ^lo *
2j, * 21, : 21.2mJlK2mol, which is roughly in good agreement with 26mJ/K2mol de-

termined from the specific heat measurements.

Next we will discuss the two-dimensionality of the Fermi surface in USb2. Two reasons

can be considered for this twedimensionality in USbz. One of the reasons is ascribed to
the characteristic crystal structure where the Sb and U planes are stacked along [001],
as shown in Fig. 3.20 (a). This reason is the same as that of UBi2 as discussed above.

Moreover, the 5/ electrons in USbz also become itinerant, contributing to the conduc-

tion band because of the large cyclotron masses. Therefore it is expected that these

conductive U-planes are separated by the non-conductive Sbplanes, bringing about the

two-dimensional character. Second rea"son for twedimensionality is ascribed to the form

of magnetic unit cell which is doubled in the [001] direction; this elongated magnetic unit
cell is due to the (tJlt) sequence of uranium magnetic moments. The corresponding

magnetic Brillouin zone is small and flat, as shown in Fig. 5.88. Hence, the spherical

Fermi surfaces cannot exist, but the cylindrical ones appear. This second reason is the

difference between USb2 and UBi2.
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Let us now consider changes of Fermi surfaces systematically from UBi2 to USb2 in
the antiferromagnetic state. Figure 5.89 shows the scheme of these Fermi surfaces, when
viewed from the [100] direction.

The Fermi surfaces of UBi2 in the paxamagnetic or antiferromagnetic state are the
spherical one named a as shown in Fig. 5.89 (a), and the cylindrical one named p as

shown in Fig. 5.89 (b).

In the pa,ramagnetic state, the Fermi surfaces of USb2 are funda,mentally the same as

those of UBi2, because the Brillouin zone in USb2 is not flattened but almost the same

as that in UBiz. Figure 5.89 (c), (e) a,nd (f) show the Fermi surfaces of USb2 in the
paramagnetic state. It is worth noting that the Fermi surface in Fig. 5.89 (c), which
originates from the spherical Fermi surface o in UBi2, is a cylindrical Fermi surface,

although it is strongly corrugated. This is because the spherical Fermi surface o in
UBi2 nearly touches the Brillouin zone boundary. We assume that the cylindrical Fermi
surface in Fig. 5.89 (e) originates from the long ellipsoidal Fermi surface (Fig. 5.89 (d)),
which crosses over the Brillouin zone boundary. This long ellipsoidal Fermi surface yields

the cylindrical Fermi surface in Fig. 5.89 (e) and small pocket Fermi surfaces shown
in Fig. 5:89 (f). Actually, the small pocket Fermi surface is not observed, due to the
extremely small dHvA frequency and/or the large curvature factor. Moreover, it is easily

expected that the dHvA frequency for the pocket Fermi surface is small, because the
number of carriers is almost compensated only from the cylindrical Fermi surfaces a, 6,

7 and e. We note that these Fermi surfaces in the paxamagnetic state are not observed

experimentally due to the high N6el temperature of 203 K.
When USb2 undergoes antiferromagnetic ordering, it enhances a two'dimensional char-

acter due to the flattened magnetic Brillouin zone. Figure 5.89 (g) and (h) show the Fermi

surfaces of USbz in the antiferromagnetic state. The dashed lines in these figures show the
induced magnetic Brillouin zone boundary. The corrugated Fermi surface in Fig. 5.89 (c)

splits into two Fermi surfaces, named o and 6, forming cylindrical Fermi surfaces. Simul-

taneously the Fermi surface in Fig. 5.89 (e) also splits into two Fermi surfaces, named 7
and e, forming cylindrical Fermi surfaces. The difference of the dHvA frequencies between

o and d is large, reflecting the strongly corrugated Fermi surface in Fig. 5.89 (e). On the

other hand, the difference between 7 and e is small. This small difference causes the
magnetic breakthrough as described below. As discussed above, the reconstruction of the
Fermi surfaces results in the enhancement of the twodimensionality on the conduction

electrons. This is supported by the fact that the electrical resistivity along [001] in USb2

displays a large hump below the N6el temperature, as shown in Fig. 5.68 (a), while the

resistivity along [001] in UBi2 shows no hump, as shown in Fig. 5.69 (a).

Finally we will give an interpretation on the magnetoresistance in USb2. In Fig. 5.87,

a spike-like peak is observed in the field along [100]. When the field is directed along

[100], the cylotron orbit circulating along a belly part of the Fermi surface drifts along

the field direction, as illustrated in Fig. 5.90. This direction is perpendicular to the current
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direction. The present phenomenon brings about the large positive magnetoresistance,
showing a peak. Moreover, the open orbit, which is directed along the current direction in
lc-space, is directed to the k x H direction. These cause the positive magnetoresistance
for the field along [100]. Acually, Similar results are observed in CePtAs and Sr2RuOa,

which possess the cylindrical Fermi surfaces.ll6'117)

UBi2
(Para.Or嶋

USb2
(Para。 )

USb2
(AFu

→

(a)
-
(C)

____lLT___~]「11:――
C)

→

←)

Fig. 5.89 Scheme of the Fbrmi surfaces in UBiz and USbz viewed from [100] direction.
Figures (a) and (b) show the Fbrmi surfaces of UBiz in the paramagnetic and/or
antiferromagnetic state. Figures ("), (d), (e) and (f) show the Fermi surfaces of
USbz in the paramagnetic state. Figures (S) and (h) show the Fermi surfaces
of USbz in the antiferromagnetic state.

Magnetic breakthrough in USbz

Next we discuss the dHvA branch observed between [100] and [110] directions, as

shown in Fig. 5.76. This branch originates from the magnetic breakthrough (breakdown)

effect. The reason is as follows. The dHvA or SdH amplitude for this branch increases

abruptly with increasing the field from 100kOe, as shown in Fig. 5.77 and 5.85 (b). This
drastic increase of the amplitude cannot be explained by the normal Lifshitz-Kosevich

formula. In general, magnetic breakthrough occurs when the separation hu. between

Landau levels becomes comparable to or greater than the energy gap er.118) Namely,

θんI。
=筋cた εg。 (5。

18)

α

Ｒ
Ｆ

可

‥

ｊ γ

ε

π :C
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J〃 [001]

↑

(a) ft-space (b) r-space

Fig. 5.9O Orbit circulating along a belly part of the Fermi surface

In reality, the criterion for magnetic breakthrough is much milder as

維
==ん仁′c R3 εg /εF, (5.19

where eu is the Fermi energy.lre) Furthermore, The probability P of the magnetic break-
through can be expressed aseb)

P=exp(一 Jf。 /″ ), (5.2の

where .FIo is the breakthrough field obtained by eq. (5.19). Therefore, the dHvA amplitude
from magnetic breakthrough will simply increase exponentially with increasing the field,

although in reality the field dependence of the amplitude is much complicated to describe

it and requires the special consideration such as a shape of the orbit and so on.

Returning to our results, the detected branch is certainly from the magnetic break-

through effect because of the abrupt increase of the amplitude.
Next, we would like to confirm which orbit brings about the magnetic breakthrough.

We have concluded that the magnetic breakthrough effect originates from the cylinder
Fermi surfaces 7 and e. The area encircled by the magnetic breakthrough orbit is 2.24 x
1615 

"rn-2 
along the [100] direction, which is obtained from the simple relation of S :

2reFfttc. On the other hand, the area in the magnetic Brillouin zone, encircled by

cylinder orbits and zone boundaries, is nearly a rectangle, when viewed from [100] (see

Fig. 5.89 (g) or (h)). This area is obtained from 2kpk", where &p is a radius of the
cylinder Fermi surface, and k" is the length of the magnetic Brillouin zone along [OOt1,

namely, equal to (2rlc)12 (c: lattice constant). The sum of the areas from branches,y

and a is 2.76 x 1015 cm-2. This value is nearly equal to the area of detected magnetic
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breakthruough. Thus we conclude that the magnetic breakthrough comes from branches

'y and e.

To explain the magnetic breakthrough orbit from 7 and 6, we consider that the break-
through effect occllrs at two steps. The first step is the breakthrough from the antiferro-
magnetic state to the paramagnetic state, namely, Fig. 5.89 (h) * (e). In this scheme the
breakthrough arises from 7 orbit to e orbit. As a result, the orbit in the paramagnetic

state is realized as shown in Fig. 5.89 (e), while this orbit is still open one which cannot
be observed along [100] in the dHvA experiments.

The second step is the breakthrough between the cylindrical Fermi surface and the
pocket Fermi surfaces, namely, Fig. 5.89 (e) or (f) - (d). As discussed above, the existence

of the small pocket Fermi surface is easily expected in USb2. These small pocket Fermi
surfaces originate from the long ellipsoidal Fermi surface in Fig. 5.89 (d). Thus the
breakthrough easily occurs between cylindrical Fermi surface and pocket Fermi surface.

Therefore long ellipsoidal Fermi surface is realized. In other words, the original Fermi
surface in USbz is formed, as shown in Fig. 5.89 (d).

In reality, these two steps for the magnetic breakthrough occur simultaneously. Con-
sequently, the cylinder Fermi surfaces 7 and e in Fig. 5.89 (h) form the closed orbit in
Fig. 5.89 (d) through the magnetic breakthrough.

Next we will discuss an extremely large cyclotron mass of 3lm6 for the magnetic

breakthrough. We consider that this is a characteristic feature of breaking through the
magnetic Brillouin zone boundary and the large value of the cyclotron mass does not
reflect the real value for the conduction electrons, but an apparent or dressed one.

To simulate this cyclotron mass, we applied the effective mass model to our results.

This model is the simple assumption that there is an ellipsoidal Fermi surface as a virtual
image, from the confirmed closed orbit at a certain direction. Generally, in an ellipsoidal
Fermi surface, the cyclotron mass is proportional to the extremal cross sectional area.

Then, we assume to exist the ellipsoidal Fermi surface from the magnetic breakthrough
orbit. The radius of the cylinder Fbrmi surface 7 is 2.33 x 107cm-1 (: a), which cor-

responds to the radius of the ellipsoid cross sectional area. The area of the magnetic

breakthrough is 2.24 x 1015cm-2. Thus the another radius of the ellipsoid cross sec-

tional area is obtained as 3.07 x 107cm-1 (= 
"). Since the detected cyclotron mass for

branch 7 along [001] is 6.01rne (= *i), the cyclotron mass along [100] is estimated as

mit x racf na2 : 7.9 rno. This value is difierent far from the detected cyclotron mass of
Slms. Therefore we should consider another mass enhancement reason.

Next we noticed an abrupt increase of the dHvA amplitude with increasing the field,

as shown in Fig. 5.77. To explain this, we should add the another reduction factor of the
magnetic breakthrough Rr to the Lifshitz-Kosevich formulae in eqs. (4.22)-(4.26). If we

assume that the probability of the magnetic breakthrough is proportional to the dHvA
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amplitude, from eq. (5.20) we can describe the reduction factor Rr as

Rb∝ exP(― Jfo/1),
(5。 21)

where f/o is the breakthrough field, defined in eq. (5.1S) or (5.19). To simplify the
discussion, we use the eq. (5.18). Therefore, the reduction factor -R5 carl be rewritten as

(5。
22)

(5。23)

We add this reduction factor Rb to the Lifshitz― Kosevich formulae in eqs。
(4。 22)―(4.26).

Thus the dHvA amplitude tt is simply described as

Rb∝ exp(一β等多),
β=洗εg。

In the above equations,the temperatllre r is not included except the reduction factor

RT,so that the mass enhancement is not cttsed by the malgnetic breakthrough e■bct.

Actually9 on the normal magnetic breakthrough,the factor Rb is independent Of temper―

atllre,as pointed out by Shoenberg。 95)Ollr detected magnetic breakthrough,however,

originttes from passing through the antiferromagnetic gap εg・ Therefore,it is nttllral to

consider that this antiferromagnetic gap possesses the fleld― and temperaturerdependence.

Hence,we assume the efFective mtiね rromagnetic gap ε
tt as

ε薔=εgO十△ε(T,″ ), (5.27)

where△ε(■ ″)iS an additional energy gap dependent on temperttllre and neld.This
additiond energy gap is expected to become snlaller w■ th increasing the fleld,because the

antiferromagnetic state at high flelds is close to the fleld― induced paramagnetic state. Fur―

thermore,when the temperature is lower,the additional gap becomes slnaller,because the

scattering of carriers caused by the temperature is suppressedo Therefore,the additional

energy gap is simply written as△ εg(T,″)=γ T/〃.The efFective mtiferromagnetic gap
ε
tt iS

ス∝RTRDRb

～eXpl一
撃:(α
T+β tt αTD)],

2π
2c亀

α= 
θん 
°

ε薔=εgO十 γ各
.

=島 +節各
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(5。24)

(5.25)

(5.26)

(5。 28)

Here we note that the constant γ is extremely small.At the sumciently high fleld,namely

Jf。 ,the efFective antiお rromagnetic gap εttis dmott the same asthe origindone εp・ Then,
eq。 (5.23)is modined as

β
*=

“

。2o

(5。 30)
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Therefore, the dHvA amplitude A is given by

ス～expl一等F(αT+β・+αTD)|
=eXp{―

等F[(α
+警;)T+βO+α

TD]}

m:b=(1+場
潟竜lF)γ
η
:・

(5.31)

(5。32)

The mass is generally determined from the temperature dependence of the dHvA
amplitude, namely the slope -dntlU of a mass plot. In the above equation of the
magnetic breakthrough effect, -(a + rc/H)mi,lfl is substituted for -amf,lH as the
slope of a mass plot. Therefore, the cyclotron ma,ss of the magnetic breakthrough rnio is

(5。33)

Here we note that rnio does not reflect the real cyclotron mass rnf but the dressed one.

Let us now return to our detected cyclotron mass of the breakthrough. As mentioned
above, the detected mass Stms for the breakthrough is not the real cyclotron mass but the
apparent one. This is supported by the field dependence of the cyclotron ma^ss. Figure 5.91

shows the dHvA oscillation for the magnetic breakthrough and the corresponding field
dependence of the cyclotron mass. Each mass was determined in the small field range.

Interestingly, the cyclotron mass of 38rns at 110kOe decreases with increasing the field
and reaches 30 rns at 160 kOe. This indicates that the enhancement of the cyclotron
mass is dependent on the magnetic field and the mass returns to the normal value at the
sufficiently high magnetic field, namely at the vicinity of the critical field f/". Although
there is no report of. H" in USb2, we can roughly estimate H"to be 3000kOe from the N6el

temperature of 203 K. Therefore, at about 3000 kOe, the cyclotron mass is expected to be

a normal value of.7.9rn6 obtained by the effective mass model, as mentioned above. We

show in Fig. 5.92 the field dependence of the cyclotron mass expanded from Fig. 5.91 (b).

The straight line is a guide to eye. If we assume that the cyclotron mass decreases linearly
with decreasing the inverse field, the mass becomes 13 ms at 3000kOe. This value is fairly
comparable to 7.9 rns obtained by the effective mass model.

We summarize that the interpretation of the detected large mass is as follows:

(1) The detected large mass of 31, rn6 is not the real value but the apparent one due to
breaking through the antiferromagnetic gap; this gap is dependent on the temper-
ature and magnetic field.

(2) The apparent enhancement of the cyclotron mass is proportional to the inverse field.

At sufficiently high fields, the mass returns to the proper value expected from the

ellipsoidal Fermi surface.
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Fig。 5。91(a)dHVA oscillation for the magnetic breakthrough and(b)the COrresponding

fleld dependence of the cyclotron ln〔 Is. The fleld direction is tiltod 9°  from

1lCICll tO nlq.The erЮ r barお statおtical one iom the ttting ofthe mass plot.

UAs2

1t is very easy to understand the results of UAs2,beCause the obtained results and the

magnetic unit cellin UAs2 iS Silnilar to or the salne as those in USb2 eXCept the magnetic

breakthrough in USb2・

From the angular dependence of the dHvA ttequency in Fig。 5。 72,it is clarifled that

all Fermi surfaces consist of cylindrical Fermi surfaces in UAs2 eXCept branchぐ .The
detected cylinder Fernli surfaces occupy in the inagnetic Bri1louin zone 16.0%for branch
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Fig. 5.92 Field dependence of the cyclotron mass expanded from Fig. 5.92 (b). The
straight line is a guide to eye.

a,7.48Tofor branch 7, 5.65Vofor branch d and 4.57% for branch e. As the magnetic

unit cell contains four molecules of UAs2, shown in Fig. 3.20 (a), UAsz is a compensated

metal with equal carrier numbers of the electrons and holes. To compensate the number

of carrier, therefore we can assume as follows:

one electron-Fermi surface from branch c,
one electron-Fermi surface from branch d,

two hole.Fermi surfaces from branch ? and

two hole-Fermi surfaces from branch e.

On this assumption, electron-Fermi surfaces occupy 22.5,70 and hole.Fermi surfaces oc-

cttpy 24.1%, showing well compensated. The maguetic Brillouin zone and the Fermi

surfaces in UAs2 from this speculation is almost the same as that in USb2, as shown in
Fig. 5.88 (b). Here we note that in Fig. 5.88 (b) the detected Fermi surfaces are shown

all together in the same magnetic Brillouin zone. The cross sectional a^rea occupied by

branch ( is a negligibly small value. Thus branch ( most likely forms a small pocket Fermi

surface, which causes the magnetic breakthrough in USbz, as shown in Fig. 5.89

F\rthermore v/e calculated the electronic specific coefficient 7 from these Fermi sur-

faces, using eq. (4.36). The estimated 7-values axe 70 : 1.9 mJ/K2moL, jt : 2.4mJ f K2moI,

7o : 1.6 mJfK2mol and je : O.9mJ/K2mol. Thus the total 7-value is ?ro,'r : ^fa + ^16 +
21.r*2'y,:10.1mJ/K2mol, which is in good agreement with 11.7mJ/K2moI determined

from the specific heat measurements.
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5.8 UCdu

Figure 5.93 shovrs the temperature dependence of the electrical resistivity p, magnetic

susceptibility 1 and specific heat C at low temperatures.l2o) The resistivity decreases

rather steeply below 5.5 K and has a shoulder around 2 K, as shown in Fig. 5.93 (a). The
former transition corresponds to the antiferromagnetic ordering mentioned above, which
is also reflected as a peak in the susceptibility of Fig. 5.93 (b). The antiferromagnetic
ordering is clearly found in the specific heat at 5.5 K, and furthermore the second phase

transition is also observed at 1.7 K, ffi shown in Fig. 5.93 (c). The latter transition
corresponds to the broad shoulder at 3-4K reported previously.8e) We note that the
resistivities at 1.3 K and room temperature are 7.6 and 70pO . cm. The value of pwlpo
is about 9, which is larger than 2.6 in the previous report, indicating a higher-quality
sample.el) This might be reflected as a sharp peak at 1.7K in the specific heat.

Next the high-field magnetization measurements were carried out. Figure 5.94 shows

typical magnetization curves at L.4,6 and 20 K. A small steplike metn.magnetic transition
at L.4 K occurs at 9 T and a slope of the magnetization curve ctranges around 20 T. These

transitions are more clearly reflected in the correspondingdMld.El curve, as shown in
an inset. The first metamagnetic transition at 9T is unchanged with increasing the
temperature and disappears above 4.2K. The high-field anomaly at 20T shifts to a lower

field with increasing the temperature. Two meta,magnetic transitions are qualitatively
the same as the recent result, which occurs at 6 and 16 T as mentioned in Sec. 3.561)

We show in Fig. 5.95 the temperature dependence of a capacitance, which corresponds

to the thermal expansion. A jump corresponding to the second phase transition is clearly
observed at 7.7 K in zero field. The transition temperature is almost unchanged in mag-

netic fields less than 7 T but is slightly shifted to lower temperatures with increasing the
fields.

We summarize our experimental results in Fig. 5.96. The results of the high-field mag-

netization measurements are shown by open circles in the magnetic phase diagram. The

data shovrn by solid circles, open squaxes, solid squaxes and open triangles in Fig. 5.96

are the results of low-field commercial SQUlD-magnetization, capacitance, specific heat

and AC susceptibility measurements. The antiferromagnetic phase diagram is very com-

plicated, although Ucdll is cubic in the crystal structure.

The change of the slope at about 20 T in the magnetization curve is interesting. The

magnetization at 20 T is I.1 p,"lU at 1.4K, but increases monotonously with increasing

the field. This result suggests that the magnetic moment is about L pBlU in the antifer-

romagnetic state.

We note that the value of magnetization at the first metamagnetic transition, 0.5 p,"fU,
is half of the magnetic moment. If we neglect a gradual increase of the magnetization

at higher fields than 20 T, a simple speculation for the metarnagnetic transition at 9 T
in Fig. 5.94 is as follows. One local 5/-electron moment parallel to the magnetic field,
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Fig. 5.93 Temperature dependence of (a) the electrical resistivity (b) magnetic suscepti-
bility and (c) specific heat in UCdrr.
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Chapter 6 Summary

We grew high-quality single crystals of RPfu (R : Pr, Sm, Eu, Gd, Yb), YbIn3, UAI3,

UGa3, UX2 (X: P, As, Sb, Bi) and UCd11. The Fermi surface properties, magnetic and

transport properties were studied for these compounds. Our experimental results are

summarized as follows:

PrPb3

(1) The detected main Fermi surfaces are four in number and nearly spherical in topol-
ogy.

(2) They are well explained by the results of FLAPW band calculations for the non-/
reference compound of LaPfu.

(3) The cyclotron effective mass of branch 7 increases with decreasing the temperature
below 1K, while the mass of branch 6 has no appreciable temperature dependence.

(4) Metamagnetic transition occurs at about 70kOe below 0.6K. The critical field is
almost constant against the temperature.

(5) This transition a,nd mass enhancement are closely related to the antiferroquadrupo.
lar ordering which occurs below 0.4 K.

YbPh and EuPb3

(1) The detected Fermi surfaces of YbPfu are three in number. These are highly dif-
ferent from those of LaP[ due to Yb divalent.

(2) The detected Fermi surfaces of YbPfu are explained by the results of FLAPW band

calculations. YbPba is a compensated metal with equal carrier numbers of electrons

and holes. The cyclotron ma.ss is light, ranging from 0.21 to 0.61rns.

(3) Branch o of an antiferromagnetic compound EuPfu is in good agreement with that
of YbPb3, which can be seen by the magnetic breakthrough effect. The other

branches with lower dHvA frequencies are antiferromagnetic Fermi surfaces, most

Iikely produced by the band folding procedure in a small magnetic Brillouin zone.

(4) EuPb3 is a divalent compounds, which was confirmed from the magnetic entropy,

the effective Bohr magneton and the saturated moment. We also estimated the

magnetic exchange interaction on the basis of the twesublattice model from the

high-field magnetization.
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SmPbg and GdPb3

(1) Branches a of both compounds are in fairly good agreement with that of LaPb3.

These are observed by the magnetic breakthrough effect. The other branches are

difierent from those of LaPb3, due the small antiferromagnetic Brillouin zo\e.

(2) The cyclotron mass is in the range from 0.23 to 1.4rns for SmPb3, indicating no

mass enhancement. The mass for GdPfu is in the range from 0.61 to 1.6rn6.

YbIns

(1) The detected Fermi surfaces are six in number. All Fermi surfaces are closed ones.

The cyclotron mass is light, ranging from 0.22 to 1.3rns.

(2) The experimental results are in excellent agreement with the result of FLAPW band
calculations.

(3) YbIn3 is a divalent metal and the 4/ levels are far below the Fermi level.

uA13

(1) Three main dHvA branches and other small branches are detected. Among them,
main branches a and 7 correspond to the closed Fermi surfaces and are well ex-

plained by the results of FLAPW band calculations under the assumption that 5/
electrons in the U atom are itinerarrt.

(2) The cyclotron mass is in the range from 3 to L7 ma, suggesting the strong 5/ hV-

bridization with the conduction electrons

UGae

(1) Electronic states and/or the scattering mechanism are drastically changed below

?h : 67K, which are reflected in the Hall coefficient and thermoelectric power as

well as the electrical resistivity and magnetic susceptibility.

(2) Two anomalies atTl = 40 K and T2 = 8K, which were observed in the susceptibility,

are also ascertained in the thermoelectric power measurement.

(3) The transverse magnetoresistance increases nearly quadratically for any field direc-

tions. This result indicates that UGa3 is a compensated metal with equal carrier
numbers of electrons and holes and Fermi surfaces consist of closed ones.

( ) We detected five dHvA branches with small closed Fermi surfaces. For example,

branch o, which is the largest Fermi surface a,mong them, occupies 0.9% of the

volume in the magnetic fcc Brillouin zone. The cyclotron ma^ss is moderately large

3.5mo for (100) 5.0ru for (111). The mean free path is long,2900A, indicating a
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high-quality sample. Besides five Fermi surfaces mentioned above, another larger
closed Fbrmi surfaces with much larger ma^sses should exist to explain the 7-value
of 52mJ lK2mol.

(5) All detected mass is relatively large, ranging from 2.3 to 5.0 rn6.

UX2 (X - P, As, Sb, Bi)

(1) High-quality single crystals were grorrn by the self-flux method for USb2 and UBi2,
and by the chemical transport method for UP2 and UAsz. In particular, the residual
resistivity ratio of UPz is 2900, which is the highest value in the uranium compounds
as far a.s we know.

(2) The Fermi surfaces of UBiz consist of a spherical one and a cylin&ical one.

(3) The Fermi surfaces of USb2 are four cylindrical ones. Two Fermi surfaces originate
from the spherical Fermi surfaces in UBiz and another two Fermi surfaces from the
cylindrical ones in UBi2. The Fermi surfaces of UAsz are the sa,rne as those of USbz.

(a) The twedimensional character of Fbrmi surfaces on these compounds is due to the
conduction electrons in the U-plane, including the 5/ electrons. The itinerant nature
of 5/-electrons is reflected to the large cyclotron masses.

(5) Another reason for the two'dimensionality on USbz and UAs2 is a flattened magnetic
Brillouin zone caused by the antiferromagnetic (tlJt) sequence.

(6) The dHvA branch was observed between [100] and [110] in USbz, which is due to
the magnetic breakthrough effect. This branch originates from branches d and e.

(7) The detected large mass in USb2 is the apparent or dressed one, which is based on

breaking through the antiferromagnetic gap. At sufficiently high fields, the mass is

close to the proper value expected from the effective mass model.

(8) UAs2, USb2 and UBiz axe compensated metals with equal carrier numbers of elec-

trons and holes. This is confirmed from the volume of the detected Fermi surfaces.

(9) The cyclotron masses in UAs2, USb2 and UBi2 are consistent with the corresponding

specific heats.

ucdll
(1) The another transition at L.7 K was found below the Neel temperature of 5.5 K.

(2) The magnetic phase diagram was determined from the magnetization, AC/DC sus-

ceptibility, magnetostriction and specific heat.
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Appendix
The conditions of the single crystal growth by the self-flux method a,re as follows.

UA13

Rαιづο oJsια琵づη παιθれαお

U:Al = 4:96 (at%)
～  2.6567: 7.2569  (g)

θ
"観η
p"cess
Lte      Target
(°
C/h)          (° C)

1.  153                  640
2.   34 1050

3. 0(keep fOr 24 h)  1050
4.  0.4          9CXl
5.    0.5                 750

Total time=715h笙 30 days
中To prevent growth of UA14,the pOwer was cut at 750° K.

Rcsalts

Cubic shape(5× 7× 7mm3)

ρRT/力 =88

UGa3

Rαι
`ο

げ stα鷲
`町
παιcriαお

U:Ga = 6.8:93.2
～  3.4068: 13.6415

C7・oりをη pra“ss
Lte        Target
(°
C/h)         (°C)

1.  28                  1040

2. 0(keep fOr 72 h)  1040

(at%)

(g)

3.  0.4
4.  0.6
5.  0.8
6.  1.0
7.  1.5
8.  5.0
9.  15

０

０

０

０

５

５

５

５

９

８

７

６

550

450

lCXl

Results

Cubicshape(5x6x6mm3)
Pwrl Po: 8o
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UIn3

Rαιづοげsια付づη παιθttαお
U:In = 10:90    (at%)

～  2.5845: 11.2208  (g)
G"υづηg pracess
Rate        Target
(°C/h)         (°C)

1.  40                   150

2.  30

3. 0 (keep for 48h) 1050

Phase diagram is unknown.

4.  0.8
5.  1.2
6.  2.0
7.  5.0
8.  10

9.  15

０５０
０５０
翻
畑
硼
翻
佃
・４０

Total time=574h=24 days
Resυιお

Cubic shape(1× 1× l mm3)

pRT/的 =130

USn3

Rαιづοげ stα鷲づη mαιθttαお
U:Sn = 6.8:93。 2   (説 %)

笙 1.0191:13.5400 (g)

(° C)

1.  28

2. 0 (keep for 72h) 1020
3.  0.4
4.  0.5
5.  0.7
6.  1.5
7.  2.5
8.  10

9.  20

1020

９．０
８６０
翻
知
硼
畑
別

Total time=680h笙 28 days
Resυιお

Cubic shape(2× 2× 2 mm3)

pRT/力 =49(no superconducting of Sn)
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UPb3

Rαιづο orStα鷲づ町 παιθttαお
U:Pb = 2.4:97.6

1.  90
2.  32

(就 %)

(g)～  0。 7759: 27。 5000
C"υづηg pra“ss
Rate        Target
(°C/h)         (° C)

300
1070

3. 0(keep for 72 h) 1070
4.  0.3          900
5.   0.4                800
6.   0.6                700
7.   0.9               600
8.   2.0               400
9.   5.0               300
Total time=1314h～ 55 days

ResυJts

Cubic shape(1× 1× l mm3)

ρRT/ρ7K=43

USb2

Rαιづοげ stα鷲れg παιθttαお
U:Sb = 6.5:93.5

～  2.2900: 16.8382
G"υづηg p"“ ss
hte        Target
(°
C/h)         (° C)

1.  30                  600
2.  9.8 1070

3. 0 (keep for 48h) 1070
950

850
750

600

lCXl

Total time=907h笙 38 days
ResυJts

Plate shape(10× 10× 5mm3)
pRT/的 =80(J‖ 口Oq)

０
●
　
雨
ロ
ヨ
Ｆ
く
“

ｕ
」
凛
ロ
ト

(就 %)

(g)

4.  0.4
5.  0.6
6.  0.8
7.  1.0
8.  10

LEAD● L■)
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UBi2

Rαιづοげsια鷲づη mαιeriαお
U:Bi = H。 9:88。1  (at%)

～  3.1222: 20.2925  (g)

(°
C/h)          (° C)

1.   110                360
2.    13                   980

3. 0(keep fOr 72 h) 980
4.   0.5
5.   0.4
6.   0.5
7.   0。 7
8.    1.0
9.   1.5
10.   10

Total time=1058h笙 44 days
RcsυJts

Pl就e shape(6× 6× 2 mm3)

ρRT/力 =180(J‖ p01)

UCdll

Rαιづο oJsια琵づη παιθれαお
U:Cd = 0.8:99.2 (at%)

笙 1.68:98。 32 (g)
θ
"υ
jηg praccss

Lte         Target
(°
C/h)          (° C)

1.  90                   300
2.   2.4                 470
3. 0(keep fOr 240 h)  470

９５０
８５０
知
爾
翻
如
２５０

370
310

lCXl

Total time=786h笙 33 days
Res%ιts

Cubic shape(10× 10× 10 mm3)

pRT/的・6K=16

3.  0.3
4.  0.4
5.  10
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UZn12

Rαι
`ο

 oJ stα鷲づη παιcttαお

U:Zn = 1.0:99.0
～  0.6253: 16。 9676

PrPb3

Rαιりοげ stα琵づη παιθttαお
Pr:Pb = 7.0:93.0

～  0.7542: 14.7370
G"り,ηg p資,cess

Rate       Target
(°C/h)         (° C)

1.   54                  300
2.   25                   900

3. 0(keep fOr 48 h) 9CXl
3.    1.0               860
4.    0.3               81X3
5.    0.4               700
6.    0.5                650

(就 %)

(g)

2.    5.0                760
3. 0(keep fOr 120 h) 76Cl
3.    0.3                 630
4.    0.5                 550
5.    1.0                 450
6.    2.0                400
7.    5.0                300
8.   10                 1oo
Total time=954h笙 40 days

Resυιお

Hexagolld shape(4× 1.4× 1.4 mm3)

ρRT/ρ l・3K=4.3

(at%)

(g)

′

２
ョ
Ｅ
８
日
Ｆ

7.  0.6
8.   1.0
9.  2.0
10.   5.0

11.  15

Total time=855h璧 36 days
Resυlts

Cubic shape(1.4× 1.4× 1.4 mm3)

ρRT/角K=9。 9

∞

５０

∞

∞

５０

６

５

５

４

２

(°C/h)           (° C)
1.  100                   400

ttltht hEnt Pn-odtmlum
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EuPb3

Rαι
`ο

げ sta鷲づη mαιeriαお
Eu:Pb = 19。 4:80。6

～  2.0093: 11.3795
G"りりπg pro“ss

hte              Target

(°
C/h)         (°C)

1.  50                  300
2.  20                  790
3. 0(keep fOr 24 h)  790

(at%)
(g)

(at%)

(g)

3.  2.0
4.  0.4
5.  0.6
6.  0.8
7.  2.5
8.  10

７５０
硼
５５０
翻
３２０
別

Total time=678h笙 28 days
Rcs%Jお

Cubic shape(1.4× 1.4× 1.41111n13)

ρRT/ρ7K==21

GdPb3

Rαι
`ο

げ sια琵づηクmatθ ttαお
Gd:Pb = 6.5:93.5

(°
C/h)

1.  135
2.   26

3. 0(keep fOr 48 h)
3.   1.0
4.  0.4
5.  0.6
6.  0.7
7.  2.0
8.   20

Total time=725h笙 30 days
RcsυJお

Cubic shape(1.2× 1.2× 1。2 mm3)

ρRT/ρ7K=19

翻
９２０
９２。
脚
７５０
知
硼
翻
翻

■■lChl P● rc●●tL●●|

～  1.0279: 19。 5860
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