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Abstract

The f electrons in the rare earth and uranium compounds indicate variety of physical
properties including magnetic ordering, quadrupolar ordering, metamagnetism, a large
mass of the conduction electron and superconductivity. In the present paper, we grew
high-quality single crystals of RPb; (R = Pr, Sm, Eu, Gd, Yb), YbIng, UAl3, UGag, UX,
(X = P, As, Sb, Bi) and UCdy;, which are in the best quality as far as we know.

In PrPbs, we found a mass enhancement of the conduction electron named branch 7,
from 1.6 to 4.0mo with decreasing temperature below 1 K. 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 paramagnetic one.

A valence change is also an interesting phenomenon in the rare earth compounds.
YbPbs, EuPb; and YbIng are divalent, 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 5f electrons in uranium compounds of UAl;,
UGaz, UCd;; and UX, (X = P, As, Sb, Bi). We succeeded in observing the dHvVA
oscillations in UAlz, UGag and UX; (X = As, Sb, Bi).

In UX,, we found for the first time the two-dimensional Fermi surfaces, namely, cylin-
drical ones. Fermi surfaces of UBIi; is found to consist of a spherical Fermi surface and
a cylindrical one. These Fermi surfaces in UBi, change into cylindrical ones in USb,
and UAs,. This change of the Fermi surfaces is well explained by a flattened magnetic
Brillouin zone. The two-dimensional character of the Fermi surfaces on these compounds
is mainly due to the conduction electrons in the U-plane, including the 5f electrons. The
itinerant nature of 5f electrons is reflected to the large cyclotron masses. The magnetic
breakthrough (breakdown) phenomenon is also discussed on USbs,.
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Chapter 1 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).) These originate
from the 4f 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),?
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 + 1)/72, where | = 3 holds for the f
electrons. This is the reason why the 4f electrons possess an atomic-like character in the
crystal. On the other hand, the tail of their wave function spreads to the outside of the
closed 5s and 5p shells, which is highly influenced by the potential energy, the relativistic
effect and the distance between the 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 4f 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.®® The RKKY interaction is a fundamental theory
in f-electron magnetism.

On the other hand, some Ce compounds such as CeCus® indicate the Kondo effect.
In these compounds, the Kondo effect seems 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
T2-dependent electrical resistivity contribution arising from electron—electron scattering
varying as p ~ AT?, the electronic specific heat coefficient varying as C = AT with v
independent of T" in the limit T — 0, and the enhanced Pauli spin susceptibility x ~ x(0)
independent of T. These values of A, v and x in the heavy Fermion system, holding a
relation of v/A ~ « ~ x, are huge compared to those of the conventional metal.

The 5f electrons in the uranium compounds have a characteristic nature between
the itinerant like 3d electrons and the localized 4f electrons.” 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, 5f electrons of UGes, USi3, URu3, Ulrs and URh; show an itinerant electron
character from the results of the dHvA experiment and the energy band calculation. On
the other hand, UPd3;, UPbs and UTIl3 show a localized electron one.

Some uranium compounds such as UPt3, UBe;3, UPd;Al; 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 f 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 earth compounds are, for example, low temperatures less than 1 K, high
fields more than 100kOe and the residual resistivity ratio (pgry/po) of the sample larger
than 40. In the case of heavy electrons with an effective mass of 100 mg, much more severe
experimental conditions such as a low temperature of 20 mK, a high field of 150 kOe and
a sample with ppr/po = 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 scarcely proceeded for the com-
pounds whose high-quality samples are hardly available. In particular, the compounds
with incongruent melt is difficult to obtain the high-quality sample, because unexpected
compounds with different compositions are 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 carry out the
dHvA experiments for a lot of compounds and classify the results into typical examples.
The samples which we grew are RPb; (R = Pr, Sm, Eu, Gd, Yb), Ybln;, UAl;, UGag,
UX; (X = P, As, Sb, Bi) and UCd;;. The dHvA experiments were done for all these
compounds except UP, and UCd;; 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.



(rR(r) )2

20p————T— 71—
L Ni(3d8 4s2) 4
18F f‘l 3 4
' ]
Ih -
]
‘l!
[o} v ;.
TI1
Lt 4
%36
04 “.\ . ./.\,_is -
R X . J
; ‘\ S
2 T 1 PRt A
° 2 4 3
r{a.u.)
(@)

{ rRn )2

08f

o
o0
T

[=]
~
T

ozr

T T L T T

Ce (41 50 6s2)

closed shell { Xe sheil )

4f(Ba ) ]
N, outer state
\

(rR(r) )2

0-8

|.~i ¥ Li T T L) 1
Lies (513 ed! 752)
5-
i

i \

M 1
06 ;a i

i': “SP

i it
ou |ii

2SS

H Ay
0-2 KN

\\
\\\ ’.\s
Tl
0 'l 1 ket
[} 2 4 6
r{a.u)
©)

Fig. 1.1 Effective radial charge densities of (a) Ni, (b) Ce and (c) U atoms, cited from

ref. (2).




Chapter 2 Introduction to Relevant Physics

2.1 3d itinerant system

2.1.1 Hubbard model

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

H=3 tyclcio+U D njmyy, (2.1)

ijo 7

where ;; is a transfer integral, U is a Coulomb energy, c}a and c;j, are annihilation and
creation operators of the 3d electron, respectively and n; is a number operator denoted
as n; = c;’-cj. 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 U is extremely large.
The limit of U/t > 1 provides the Heisenberg Hamiltonian H = — >_ JijSi - 8, which is

useful model for magnetism of an insulator, where S is spin of a Igcalized electron and
Jij is an exchange interaction between ¢ and j sites.

From the band theory and the dHvA experiment, however, the 3d electron in Fe 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.

2.1.2 Stoner’s 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 paramagnetism and introduced a spontaneous magnetization.

M = xp(H + aM) (2.2)
This is transformed into
M Xp
X= = = — (2.3)
H 1-axp

where M is the magnetization, xp is the Pauli susceptibility and H is a magnetic field.
The susceptibility is enhanced by the molecular field. The Ferromagnetism appears when



a denominator 1 — axp < 0, namely:
2apg2D(ep) > 1, (2.4)

where pp is Bohr magneton and D(ep) is the density of states at the Fermi energy.
This is called the Stoner’s condition, and a large value of a or D(eg) 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.

2.1.3 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.®

We show the spatial distribution of the spin density ps(r) in Fig. 2.1.9) The p, value
can be expressed as a deviation between the wave functions with up-spin and down-spin,
namely, ps(r) = |41(r)|?>—|¢,(r)|%. In the Stoner model, there is no difference between the
density of states with up- and down-spins above a Curie temperature T¢, and thus p; = 0
(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 T
(Fig. 2.1 (b)). Considering the spin fluctuation effect, the spin at the finite temperature
varies not only the direction but also its amplitude, as seen in Fig. 2.1 (c).

2.2 General property of the f 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 + 1)/r2, where | = 3 holds for the f
electrons.!) This is a reason why the 4f electrons possess an atomic-like character in the
crystal. On the other hand, the tail of their wave function spreads to the outside of the
closed 5s and 5p shells, which is highly influenced by the potential energy, the relativistic
effect and the distance between the Ce atoms. This results in the hybridization of the 4f
electrons with the conduction electrons. These cause various phenomena such as valence
fluctuations, Kondo lattice, heavy Fermion, Kondo insulator, quadrupolar ordering and
unconventional superconductivity.

The Coulomb potential repulsive force of the 4f electron U at the same atomic site is so
strong, for example U = 5¢V in Ce compounds (see Fig. 2.219). In the Ce compounds the
tail of the 4f partial density of states extends to the Fermi level even at room temperature,
and thus the 4f level approaches the Fermi level in energy and the 4f electrons hybridize
strongly with the conduction electron. This 4f-hybridization coupling constant is denoted
by V. When U is strong and/or V is ignored, the freedom of the charge in the 4f electron
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Fig. 2.1 Spatial distribution of the spin density ps(r) for (a) Stoner model, (b) localized
spin model and (c) spin fluctuation model. The left-hand side is at 7' = 0, the
right-hand side is T' > T¢. In (a), ps(r) vanishes. In (b), ps(r) is unchanged. In
(c), the local density of spin is slightly diminished at T > T¢. Cited from ref. (9).

is suppressed, while the freedom of the spin is retained, representing the 4f-localized
state. Naturally, the degree of localization depends on the level of the 4f electrons E,
where larger Ef helps to increase the localization. This situation is applied to most
of the lanthanide compounds in which the Ruderman-Kittel-Kasuya—Yosida (RKKY)
interaction play a predominant role in magnetism. The mutual magnetic interaction
between the 4f electrons occupying different atomic sites cannot be of a direct type, such
as 3d metal magnetism, but should be indirect, which occurs only through the conduction
electrons.

In the RKKY interaction, a localized spin S; interacts with a conduction electron with
spin s, which leads to a spin polarization of the conduction electron. This polarization
interacts with another spin S; localized on an ion j and therefore creates an indirect
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Fig. 2.2 Density of states of the 4f electron in the Ce compound (Ce®t), cited from
ref. (10).

interaction between the spins S; and S;. This indirect interaction extends to the far
distance and damps with a sinusoidal 2k oscillation, where kg is half of the caliper
dimension of the Fermi surface. When the number of 4f electrons increases in such a
way that the lanthanide element changes from Ce to Gd or reversely from Yb to Gd in
the compound, the magnetic moment becomes larger and the RKKY interaction stronger,
leading to magnetic order of which the ordering temperature roughly follows the de Gennes
relation, (g; — 1)2J(J + 1). Here g; and J are the Landé g factor and the total angular
momentum, respectively.

2.2.2 Quadrupolar interaction

The quadrupolar interaction is of basic importance in the f electron magnetism as well
as the magnetic interactions such as the RKKY interaction and many-body Kondo effect.
A localized f electron possesses the anisotropic charge distribution due to the orbital
degrees of freedom, which yields the quadrupole moment. Therefore, the quadrupole
moment is obtained from the electrostatic energy:

’H=/p(r)Vr d’r

= ZeV( 0)+ZP( ) ZQ,k (8%8%) ..., (2.5)
Ze = / p(r) d®r, (2.6)
P = / r)z; d°r, (2.7)

Qjk = /p(r)xj:vkd3r, (2.8)



where p(r) is the change distribution of f electrons in the rare earth and uranium com-
pounds, V(r) is the electrostatic potential, Ze is the charge of f electrons, P; is the
dipole term and Qj is the quadrupole term. The independent terms in z;zy, of eq. (2.8)
are the following five ones: 2z* — 2?2 — y?, 22 — 42, zy, yz and zz. They are converted
into the following quadrupole moments of (2J,> — J;2 — J,%)/v/3 = 03, J,2 — J,2 = 02,
Jedy + JyJe = Oy, JyJ, + J,Jy = Oy, and J,J; + J,J, = O, respectively, which are
shown in Fig. 2.3.

Oy

Fig. 2.3 Charge distribution of the quadrupole moments.

The quadrupole moment Or, couples to the strain er, and distorts the crystal. For
example, the cubic structure in CeAg is changed into the tetragonal one when O9 becomes
the order parameter below 16 K. PrCus, is a typical example where the quadrupole moment
plays an essential role for the metamagnetic transition accompanying with the conversion
between the hard and easy axes magnetization.!?)

In a form analogous to the bilinear exchange coupling between magnetic moments, a
two-ion coupling between the quadrupole moment is possible.!? This coupling between
two-ions (z and j) can be written as

Hq = —K(ij)Or, (¢)Or, (). (2.9)

A ferroquadrupolar (antiferroquadrupolar) coupling, i. e. K(ij) > 0 (< 0), favours elec-
tronic distributions on sites 7 and j 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



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

(a) Ferroquadrupolar ordering (K > 0)

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

In particular, antiferroquadrupolar compounds such as CeBg,'®) TmTe!? and PrPb;!%
show an interesting H-T phase diagram (see Fig. 2.5). Namely, the antiferroquadrupolar
transition temperature T increases by applying the magnetic field. This behavior is not

trivial, and has brought about various arguments.'6-2?)

2.2.3 Dense Kondo effect

Higher V' tends to enhance the hybridization of the 4f electrons with conduction
electrons, thus accelerating the delocalization of the 4f electrons.?®) The delocalization
of 4f electrons tends to make the 4f band wide. When E; > 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 dilute 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 S(1) is coupled antiferromagnetically with the
spin of the conduction electron s(]). Consequently the singlet state {S(1)-s(1)£S(])-s(1)}
is formed with the binding energy kgTk. Here the Kondo temperature Tk is the single
energy scale. In other words, disappearance of the localized moment is thought to be



Magnetic field (kOs)

Fig. 2.5 H-T phase diagram in CeBg, cited from ref. (13).

due to the formation of a spin-compensating cloud of the electron around the impurity
moment.
Kondo-like behavior was observed in the lanthanide compounds, typically in Ce and

Yb compounds.?4-26)

For example, the electrical resistivity in Ce,La;_,Cug increases
logarithmically with decreasing temperature for all z-values,® 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 = 5/2), and the 4f energy level is split into the three doublets by the crystalline electric
field, namely possessing the splitting energies of A; and A, (see Fig. 2.7!9). The Kondo

temperature is given as follows:2")

1
h 3 ———
Tg = Dexp ( 3|JexID(EF)) when T > A, A, (2.10)

and

D? 1

= Aa, 0P (‘uexlD(EF)

Here D, |J| and D(EF) are the band width, exchange energy and density of states,
respectively. If we postulate Tx ~ 5K, for D = 10*K, A; = 100K and A, = 200K,
the value of T ~ 50K is obtained, which is compared to the § = 3-Kondo temperature

Tk ) when T' < A, A,. (2.11)

10
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Fig. 2.6 Temperature dependence of the electrical resistivity of La;_,Ce,Cug, cited from
ref. (6).

of 1073 K defined as T§ = Dexp(—1/|Jex|D(Er)). Theses large values of the Kondo
temperature shown in eqgs. (2.10) and (2.11) are due to the orbital degeneracy of the 4f
levels. Therefore, even at low temperatures the Kondo temperature is not T but Tk
shown in eq. (2.11).

On the other hand, the magnetic ordering temperature is about 5K 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 300K 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 CeCug, 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 ~ AT? with a large value of the coef-
ficient A.2® The v/A-value is proportional to the effective mass of the carrier and thus
inversely proportional to the Kondo temperature. Correspondingly, the electronic specific
heat coefficient v roughly follows the simple relation v ~ 10*/Tx (mJ/K?*mol) because

11
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Fig. 2.7 Level scheme of the 4f electron in Ce3*, cited from ref. (10).

the Kramers doublet of the 4f levels is changed into the «-value in the Ce compound:

T
C=14T (2.13)

Tk C
Rln2=/ Car (2.12)
0

Thus

,_RIn2_58x10°

T T (mJ/K?mol). (2.14)

It reaches 1600 mJ/K?mol for CeCus because of a small Kondo temperature of 4 K. The
conduction electrons possess large effective masses and thus move slowly in the crystal.
Actually in CeRu,Si; an extremely heavy electron of 120 my 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 Kondo-lattice compound with magnetic
ordering also possesses a large y-value even if the RKKY interaction overcomes the Kondo
effect at low temperatures. For example, the y-value of CeBs is 250 mJ/K?mol, which is
roughly one hundred times larger than that of LaBg, 2.6 mJ/K?mol.
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When E; < V, the 4f electrons may tend to be delocalized, manifesting the valence
fluctuation regime. CeSns 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 Ce*, while it becomes approximately temperature-independent with de-
creasing temperature, showing a broad maximum around 150—200 K.2® Thus the valence
of Ce atoms seems to change from Ce®* to Ce'* (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:3?

— 7('2sz X(O)
fow = ( Y ) (uB2gJ2J(J+ 1))' (2.15)

This ratio Rw is called Wilson-Sommerfeld ratio. Stewart evaluated Ry for the heavy
Fermion system, as shown in Fig. 2.8.31) He suggested that in the f electron system Ry 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 v as shown in Fig. 2.9.32 They noted that the ratio A/~2 has a common value of
1.0 x 1075 Q2 - cm K?mol?/mJ>.
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Fig. 2.9 Kadowaki-Woods plot, cited from
Fig. 2.8 v versus x plot, cited from ref. (33). ref. (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.?¥3%) Even in the localized system, the presence of 4f elec-
trons alters the Fermi surface through the 4f-electron contribution to the crystal potential
and through the introduction of new Brillouin zone boundaries and magnetic energy gaps
which occur when 4f electron 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 energy gaps associated with the magnetic structure are small enough,
conduction electrons undergoing cyclotron motion in the presence of magnetic field can
tunnel through these gaps and circulate the orbit on the paramagnetic Fermi surface.
If this magnetic breakthrough (breakdown) effect occurs, the paramagnetic Fermi 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 topology 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 masses 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 energy. Thus the energy band
becomes flat around the Fermi energy, which brings about the large mass.

In some Ce compounds such as CeCus, CeRuzSiz, CeNi and CeSng, the magnetic
susceptibility follows the Curie-Weiss law with a moment of Ce®**, 2.54 uy/Ce, has a
maximum at a characteristic temperature T}, , and becomes constant at lower temper-
atures. This characteristic temperature 7}, corresponds to the Kondo temperature Tk.
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 y-value
of v ~ 10*/Tx (mJ/K?mol).

2.2.6 General property of uranium compounds

The 5f electron system, including U compounds, are particularly interesting in the
sense that they bridge the gap between the 3d and the 4f electron systems. The 5f
electrons in the U atom have a character between the 3d and 4f electrons, located slightly
inside the closed 6s and 6p shells. Therefore, they may possess both band-like and atomic-
like characters, even in the crystal. The properties of some U compounds thus have been
understood on the basis of the 5f band model, similar to the 3d transition metals and their
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intermetallic compounds. The dHvVA effect was measured in some of these U compounds.
The 5f 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;, UBe;3, URu5Sis,
UPd,Al; and UNipAl; 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 offer 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 ug/U) to 3 ug/U,
which is compared to about 3 ug/Pr.
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Chapter 3 Review

3.1 RPb; (R = La, Pr, Nd, Sm, Eu, Gd and Yb)

Many RX3; and UX; compounds possess the AuCus-type cubic crystal structure, which
belongs to the space group Pm/3m. Figure 3.1 shows the crystal structure of AuCus-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. 3.1 AuCugs-type cubic crystal structure.

RPb; (R = La, Ce, Pr, Nd, Sm, Eu, Gd and Yb) compounds also crystallize the AuCus-
type cubic crystal structure. Characteristic properties of RPbs are listed in Table 3.1

Table 3.1 Characteristic properties of RPbs compounds with the AuCuz-type cubic crys-
tal structure. AF: antiferromagnetic. AFQ: antiferroquadrupolar.

Lattice const. T Lhog Remarks
A) (K) (/R

LaPbs 4.603 Pauli Para.
CePbs; 4.874 1.1 2.3 AF, heavy Fermion (y = 1.5J/K?mol)
PrPby 4.860 15 =04 3.63 AFQ, I's ground state
NdPbs 4.852 2.7 3.61
SmPbs 4.835 5.5
EuPbs 4.915 20 7.5 Eu?+
GdPbs 4.826 16 7.6
TbPb; 4.810 15 9.21
DyPbs; 4.806 11 10.20
HoPbz 4.800 3.7 10.0
ErPbgy 4.797 5
YbPbs 4.862 Pauli Para. Yb2t
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1) PrPb;

PrPb; is the most interesting compound in RPbs, which was studied from a view point
of quadrupolar ordering.3® The magnetic susceptibility shows Van Vleck paramagnetic
at low temperatures, as shown in Fig. 3.2.37 The specific data exhibit, in Fig. 3.3,
a large anomaly at 0.35K, at which the entropy is close to RIn2.3) This anomaly
is due to the quadrupolar ordering, leading to a non-Kramers doublet I'; as the CEF
ground state. The I's ground state is characterized by possessing no magnetic moment
but quadrupole moment. The 4f level scheme of the CEF was determined by an inelastic
neutron scattering experiment.?® TI'; is the ground state, as expected from the specific
heat data, and excited levels are 'y, I's and T';, which are separated by 19, 29, 47K,
respectively from I';, as shown in Fig. 3.4. The analyses of the parastriction and the
third-order magnetic susceptibility indicated negative quadrupolar parameters.?® An
antiferroquadrupolar ordering is therefore realized, and (09) is the order parameter for
the field along (100) direction in the present cubic system.

There are only a few examples known as antiferroquadrupolar compounds in litera-
ture, namely CeBg, TmTe, Ce3Pd29Ges and TmGa3.131441:42) The antiferroquadrupolar
ordering phases for these compounds are very narrow in the temperature range because
the successive antiferromagnetic ordering occurs at a lower temperature. On the other
hand, PrPb; is a good candidate to study the antiferroquadrupolar ordering state because
of no magnetic ordering.

100
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Fig. 3.2 Inverse magnetic susceptibility of PrPbs, cited from ref. (40). Closed circles are
the experimental data. Solid and broken lines are results of the CEF calculation.

2) Other RPb; compounds

LaPbs is a Pauli paramagnetic compound without 4f electrons, so that it would be a
good reference compound for the other RPbs.

CePbs undergoes an antiferromagnetic transition at 1 K. Extensive studies have been
carried out in CePbs, because the competition between the Kondo effect and the antifer-
romagnetism is realized. The electronic specific heat coefficient is about 1500 mJ/K?mol
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Fig. 3.4 CEF level scheme in PrPbs de-
termined by the inelastic neutron

Fig. 3.3 Specific heat at low temperature in scattering experiment, cited from
PrPbj, cited from ref. (38). ref. (39).

and this compound is recognized as the typical heavy Fermion compound. Moreover,
CePb3z was once studied from the viewpoint of field-induced superconductivity, which was
denied but characterized by a large negative magnetoresistance,*®) most likely based on
the Kondo effect.

NdPbs is an antiferromagnet with the Néel temperature of 2.7 K.4*) The magnetization
of the polycrystalline sample in NdPb; increases monotonously with increasing field up to
270kOe, indicating no metamagnetic transitions. Ebihara et al. carried out the de Haas—
van Alphen experiments in NdPb; and determined the Fermi surfaces.*® Figure 3.5 shows
the angular dependence of the dHvA frequency in NdPbz. 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 paramagnetic one, small pocket
Fermi surfaces are observed. The cyclotron effective masses are in the range from 0.4 to
3 mg.

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 effect in SmX; (X = Pb, In, Sn, Tl, Pd).46-%® SmPb; undergoes an
antiferromagnetic transition at 5 K. The specific heat at low temperature shows the Fermi
liquid-like T-linear feature with a large +-value of about 100 mJ/K?mol.“® In magnetic
susceptibility and ultrasonic measurements of SmPbs, it was clarified that the ground
state multiplet splits into I's quartet and I'; doublet which are the ground state and
excited state at A = 60K, respectively. The ultrasonic measurements indicated that
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Fig. 3.5 Angular dependence of the dHvA frequency in NdPbs, cited from ref. (45).

Sm3+ of SmPb; shows no valence fluctuation, and quadrupolar interactions are relatively
strong.*”

EuPb; is a divalent metal possessing the magnetic moment.?>3 Namely, the spin
angular momentum number is S = 7/2, 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 are formed from Eu (6s?) and Pb (6s%6p?), are in principle
the same as in YbPb;. The Fermi surface of EuPbs; is therefore expected to be similar to
that of YbPbg, although it would be modified by the magnetic Brillouin zone boundary.

GdPb; becomes an antiferromagnet below 17 K.

YbPb; is known to be a Pauli-paramagnetic compound with Yb?* (4f4). The electri-
cal resistivity shows a usual T-linear dependence.’?) From the specific heat measurements,
the y-value and the Debye temperature are estimated at 1.9 mJ/K?mol and 122 K, respec-
tively.>) The conduction electrons are formed from the valence electrons of Yb (6s?) and
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Pb (6s%6p%). YbPb; is thus a compensated metal with equal numbers of electrons and
holes, which is highly different from an uncompensated metal of La(5d'6s%)Pbs.

3.2 RIn; (R = Ce, La, Yb)

RIng (R = Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) compounds also
crystallize in the AuCus-type cubic structure, as shown in Fig. 3.1.

Among Rlng, Celn; is a well known Kondo-lattice compound, showing antiferromag-
netic ordering at 10 K. Recently, a superconducting transition was observed below 200 mK
under pressure of 25kbar.5? Fermi surface properties was once studied by the dHvVA ex-
periments.?3-55)

The dHVA measurements were done in a non-f reference compound Lalnz.?5% Fig-
ures 3.6 shows the angular dependence of the dHvA frequency in Laln;. Branch a orig-
inates from the band 7-electron Fermi surface, while the others originate from the band
6-hole Fermi surface, as shown in Fig. 3.7. The latter Fermi surface consists of three
kinds of major parts, which are centered at the I', R and X points. Among them, a Fermi
surface centered at I, denoted by d, is electron in dispersion and is spherical in topology,
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 topology of Fermi surface is similar to that of Cu, although the volume
is small compared to that of Cu.

YblIn; also crystallizes the AuCus-type cubic structure with a lattice constant of
4.620 A. This lattice constant is considerably larger than those of the adjacent compound
Tmlng and Lulnj in the periodic table. Therefore the Yb ion is expected to be divalent,
forming 41 closed shell structure. From the Méssbauer spectroscopy measurement, it
was confirmed that Yb ion is divalent.6%

3.3 UX; (X = Al, Ga)

The uranium compounds UX3, where X is a IIIA or IVA element, Ru or Rh, crystallize
in the cubic AuCus-type structure with a U-U separation dy.y between 4.0-4.8 A.61:62)
This value of dy._y is much larger than the Hill limit for uranium compounds,®® 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 para-
magnetism (UAlz, USi3, UGe; and URh;), antiferromagnetism (UPbz, UGas, UTl3 and
Ulns), Kondo lattice system (USns) and superconductivity (URus).236%64 The different
behavior can be explained by the great variation in the f-electron hybridization with the
X atoms s, p and d orbitals.?®) The effect of the different hybridization strengths becomes
apparent in the electronic specific heat coefficient v which varies from 12mJ/K?mol in
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represent the results of band calcula- hole Fermi surfaces in (100) and (110)
tions.57-59) planes.

URu; to 170 mJ/K?mol in USn3.52:6%66) Characteristic properties of UX3 are summarized
in Table 3.2

1) UAlL

Figure 3.8 shows the electrical resistivity of UAl; (including USnz and UGagz).6) At
low temperature, the resistivity is proportional to AT? with a value of A that is much
larger than for typical Fermi liquids. This large value of A indicates that UAl; is a spin
fluctuator.3267)

The inverse magnetic susceptibility in UAls displays a weak temperature dependence
as shown in Fig. 3.9 (including USnz and UGa3).5) No magnetic ordering is observed
down to 1.5K, indicating a Pauli paramagnetic compound. In the other report, Curie-
Weiss behavior is seen from 240 to 800 K.%®)

The electronic specific heat coefficient v of UAl; is 43 mJ/K?mol,*") which is consid-
erably large and shows that the hybridization of 5f is strong. The ~v-value is constant
against the magnetic field.

The dHVA signal was observed in UAl; from the pulse-field magnetization,’?) although
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Table 3.2 Characteristic properties of UX3 compounds

Lattice const. Ty ¥ Bord Bog
Remarks
A) () (mI/K?mol) (up/U) (up/U)
UAl; 4.264 Para. 43
UGa; 4.248 67 52 ~ 0.9 5f-itinerant, k = (1/2,1/2,1/2)
Ulng 4.601 ~ 1007 50 1 3.6
UTl; 4674 ~90 1.6 5f-localized, k = (1/2,1/2,1/2)
USi3 4.035 Pauli Para. 14
UGes 4.206 Pauli Para. 20
USng 4.626 Para. 170 2.65 Kondo lattice
UPb; 4.793 30 110 ~ 1.6 3.2 5f-localized, k = (0,0,1/2)
URuz 3.977 Pauli Para. 12.4 superconductivity: T, = 0.145 K
URhs 3.991 Pauli Para.
Ulrs 4.023 Pauli Para.
800 v
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Fig. 3.8 Electrical resistivity of UAl3, cited from Fig. 3.9 Inverse magnetic susceptibility of UAls,
ref. (61). cited from ref. (61).

a single weak peak appeared at 2.5x 107 Oe along (100) in the fast Fourier transform (FFT)
spectrum. The cyclotron mass was estimated as 1 < m}/mg < 4.

Figure 3.10 shows the magnetoresistance of UAl; (including USnz and UGaj3).6) The
data are fitted to a function of (p(H) — p(0))/p(0) = Ap/p x H". In the range from 30
to 100kOe, n is determined as 1.83.

Cornelius et al. calculated the band structure of UAlz on the basis of the 5f itinerant
model, as shown in Fig. 3.11.50) In their calculation there is altogether only one open
Fermi surface. On the symmetry axis R-T" 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 I-point,
and also a large “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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Fig. 3.10 Magnetoresistance of UAl3, cited from Fig. 3.11 Calculated band structure of UAl;,
ref. (61). cited from ref. (61).

2) UGa3

UGa;s 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 UGaj is less than that of UAls. 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 UGes is by 0.17 A larger than that of USi;. This
anomalous behavior of the lattice parameter in UGag relative to UAl; is attributed to the
much larger hybridization in UGag, causing the formation of 5f bands which lower the
U-U spacing.

Kaczorowski et al. measured the electrical resistivity, as shown in Fig 3.13.59 The kink
at 65 K, which corresponds to the antiferromagnetic ordering, is observed. In the early
literature, this kink was not detected due to the difficult availability of the high-quality
sample. A T?-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 0.14RIn?2
at the Néel temperature. From this reduced magnetic entropy and weak-temperature
dependent magnetic susceptibility (mentioned below), they concluded that the basis of
the magnetism in UGag is 5f-itinerant. The electronic specific heat coefficient v possesses
a considerably large value of 52 mJ/K?mol.5"

The magnetic susceptibility in UGaz shows the weak-temperature dependence. There
is no evidence for Curie-Weiss behavior up to 1000 K,”® which has been explained by
the itinerant nature of the 5f electrons. This itinerant view of the 5f electron is also
supported by the pressure dependence of the Néel temperature’?? and the reduced
magnetic entropy as mentioned above. Figure 3.15 shows the magnetic susceptibility
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Fig. 3.12 Lattice constant of UX3 compounds. Bottom axis is the number of a column in
the periodic table.

measured by Kaczorowski et al.”™ The pronounced maximum at 65K corresponds to an
onset of antiferromagnetic ordering. The other two singularities at 40 and 8 K, which
were also observed by the thermal conductivities,”™ are unknown in origin.

From the neutron scattering experiments, it was confirmed that the transition at

™,75) The ordered magnetic moment of uranium was about

65K is antiferromagnetic.
1pg/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 et
al. carried out the neutron diffraction measurements on a single crystal.”® The ordered
moment is 0.74(8) pug/U 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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Fig. 3.13 Electrical resistivity of UGag, cited Fig. 3.14 Specific heat of UGaz, cited from
from ref. (69). ref. (69).

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.5?) 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 metamagnetic
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%" 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(Ga,_.Ge,); system,”” where
UGe; is a Pauli paramagnet, the antiferromagnetic state of UGa; is very sensitive to any
disorder in the metalloid sublattice. Upon substitution of Ge for Ga, a rapid decrease
in the Néel temperature was observed, and for £ > 0.18 the magnetic order was found
to disappear. Similar properties were also found for another isomorphous alloy system,
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Orbit center Fermi surface area (kT) Band mass (m,)
r 6.28 1.83
V4 2.11 1.21

0.52 0.65

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

U(Ga;_,Al,)3, where antiferromagnetic order disappears at z ~ 0.2.7® On the other
hand, in the pseudobinary alloy U(Ga;_,Sn,;)3, where USnj3 is a Kondo lattice compound,
the Néel temperature initially strongly rises with increasing z, reaches a maximum value
of 102K at z = 0.2 and finally decreases to zero at z ~ (.5.59

3.4 UX; (X = P, As, Sb and Bi)

Uranium dipnictides UX, (X = P, As, Sb and Bi) crystallize in the tetragonal structure
of anti-CuaSb (D], or P4/nmm). They order antiferromagnetically below relatively high
Néel temperatures.” 3" Magnetic moments of uranium ions are aligned ferromagnetically
in the (001) planes, which are stacked along the [001] direction in an antiferromagnetic
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(T117) sequence in UP,, UAs; and USby, as shown in Fig. 3.20 (a).82%) In the case of
UBIy, this sequence is (1/1]), as shown in Fig. 3.20 (b).8% It is worth mentioning here
that the magnetic unit cells of UPy, UAs, and USb, 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./k, = 0.243-0.245. On the other hand,
the magnetic unit cell of UBIi, is not elongated but the same as the chemical one, so that
the magnetic Brillouin zone is not fattened, although the ratio k./k, is fairly a small value
of 0.499.

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

Fig. 3.20 (a) Tetragonal magnetic unit cell of UP2, UAsy and USby. (b) Tetragonal
magnetic unit cell of UBiy

1) USb,

USb,, orders antiferromagnetically below Ty = 203 K. The ordered moment is 1.88 /U5
A strong anisotropy of the resistivity appears in USb,, as shown in Fig. 3.21.8%) This
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Table 3.4 Characteristic properties of uranium dipnictides UX3 (X = P, As, Sb and Bi).

Lattice Const. ke /K U-Udist. Tn v Hord Mot

c(Ad) a(d) (A) (K) (mJ/K?mol) (ug/U) (up/U)
UpP, 7.76 3.80 0.245 3.81 204 (T411) 27 2 2.29
UAs; 812 395 0.243 3.95 274 (141 117 1.61 2.94
USb, 8.75 427 0.244 4.27 203 (T441) 26 1.88 3.04
UBi; 8.91 445 0499 4.45 181(1i1l) 20 21 34

measurement along [001] (c-axis) was done by the Montgomery’s method,® which is often
applied to the layered sample. A large hump below Ty along [001] (c-axis) suggests the

reconstruction of the Fermi surfaces due to the magnetic Brillouin zone.

B

resistivity (m{cm) —men
13 3

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

The number of carrier is estimated at 6.2 x 10! cm ™2 from the Hall coefficient.8%

Most of the magnetic and thermal properties were clarified and discussed on the basis
of the crystalline electric field (CEF) model and molecular field approximations.3%87-88)
In many aspects, however, the uranium compounds are different from the rare earth
compounds with the localized 4f electrons. The 5f 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 UCdy;

UCd;; is a heavy Fermion compound with the cubic BaHg;;-type structure, as shown
in Fig. 3.22. The lattice constant is 9.29 A and the distance between uranium ions is
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dy.y = 6.56 A, which is much larger than the Hill limit (dy.y ~ 3.5A).8%)

The specific heat C' in the form of C/T is proportional to T2 in the temperature range
from 7 to 13K, indicating a large electronic specific coefficient v of 840 mJ/K?mol.?)
UCd;; undergoes an antiferromagnetic transition below Ty = 5 K. It is noted that there
appears a shoulder at 3-4 K 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 Ty.%”

As shown in Fig. 3.24, the magnetic susceptibility exhibits Curie-Weiss behavior above
80K with peg = 3.45 p5/U and ©, = —20 K.

When external pressure is applied to UCd;;, two further transitions are inferred from
anomalies in the resistivities.?)) 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 ab-
sorber. The previous elastic neutron scattering experiments only suggested that an or-
dered moment is less than 1.5 uz/U.% The magnetic structure is unknown.

Fig. 3.22 Cubic BaHg;;-type structure of UCdy;.
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Chapter 4 Experimental

4.1 Single crystal growth

4.1.1 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-T, cuprates.
The advantages of this technique are:93:%¢

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

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

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

(4) This technique can be applied to the compounds with high evaporation pressure,
since the crucible is sealed in the 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
93)

N

“poor man’s” technique.

There are, to be sure, a number of disadvantages to the technique. The first and
foremost is that it is no always an applicable method: an appropriate metal flux from
which the desired compound will crystallize may not be found. In addition, difficulties
are encountered with some flux choices, when the flux enters the crystal as an impurity.
The excessive nucleation causes small crystals, which takes place either due to a too fast
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

RPb; (R = Pr, Sm, Eu, Gd, Yb), YbIns, UX; (X = Al, Ga, In, Sn, Pb), UX; (X =
Sb, Bi) and UCd;; were grown by the self-flux method. Here, we mention the process in
USb; as an actual example. The other examples are summarized in Appendix.
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We used the high-quality alumina crucible (Al,O3: 99.9 %) as a container with outer
diameter of 15.5mm, 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~® torr), as shown in Fig. 4.1.

I -

_-\quartztube ‘ l ‘

(

I\./

- furnace vacuum pump

Fig. 4.1 Baking of an alumina crucible.

Figure 4.2 shows the U-Sb phase diagram. The off-stoichiometric atomic ratio of U
and Sb is determined as 6.5 and 93.5 %. 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. Contamination from the
crucible may not be negligible. Furthermore, we should retain the melting point less than
1070 °C, 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 HNOs3, and 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 1 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.
GdBg).%)

The furnace is controlled by the PID temperature controller with Pt-PtRh13% (type-
R) thermocouple. Figure 4.4 shows 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 USb, 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°C/h. 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 38 days.

1000

500

Temperature (°C)

| | 1 1
0 200 400 600 800

Time (hours)

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

After taking out the ampoule from the furnace, we opened the ampoule and sealed it
again in a quartz ampoule under high vacuum, as shown in Fig. 4.6. The ampoule was
heated above the melting point of the flux (680 °C for Sb) in the muffle 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.

quartz or glass

. quartz-wool
Regle crymm To 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 10 mm 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.
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Fig. 4.7 Photograph of the USb, ingot.

4.1.2 Chemical transport method

Both UP; and UAs; 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 zone. 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 / 750°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 0.05 mm? along [100], [010] and [001] axes, respectively.

4.2 Electrical resistivity

4.2.1 Introduction to the electrical resistivity

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

ing pee and the electron-magnon scattering pmag:

p= pO + pph p pe—e P pmag' (41)

This relation is called a Matthiessen’s rule.
The py-value, which originates from the electron scattering due to impurities and
defects, is constant for a variation of the temperature. This value is important to know
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Fig. 4.8 Schematic picture of the chemical transport method.

Fig. 4.9 Photograph of UAss whisker-like crystals.
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the quality of an obtained sample. If p, is large, the sample contains many impurities
or defects. A quality of a sample can be estimated by determining a so-called residual
resistivity ratio (RRR = pgpr/py), where pgr is the resistivity at room temperature. Of
course, a large value of RRR indicates that the quality of the sample is good.
Let us introduce a scattering lifetime 7, and a mean free path [y from the resistivity.
The residual resistivity p, can be written as
m* 1

=— 4.2
Po ne 1 (4.2)

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

To= (4.3)
nep,
hk
lo = UpTo = K[Z (44)

The temperature dependence of p,,, which originates from the electron scattering by
phonon, changes monotonously. pp, is proportional to T above the Debye temperature,
while it is proportional to T° far below the Debye temperature, and p,, 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, we can regard the total resistivity in non-
magnetic compounds at low temperatures as follows:

P(T) = po + pee(T), (4.5)
= Po + AT27

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

4
Pee X Ak zg(wT)z klZwD;;_ 40 D7, (0) D,’;,+q(0)
7q

X {Fr12(k, Kk +q.k—q)+ %FTTAz(k, Kk +q.k- q)} , (4

where I',, is the four-point vertex, which means the renormalized scattering interac-
tion process of k(o)k'(c) — k' + q(0)k — q(0), T'#; is denoted as T'yy(k1, ko; ks, ka) —
I'11(ky, ko; ks, k3), and D,j; (0) is the true (perturbed) density of states of f electrons with
mutual interaction in the Fermi level. This Ak is proportional to the square of the
enhancement factor and gives a large T?-resistivity to the heavy Fermion system.
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In a magnetic compound, an additional contribution to the resistivity must be taken
into consideration, namely pmag. This contribution describes scattering processes of con-
duction electrons due to disorder in the arrangement of the magnetic moments. In general,
above the ordering temperature Torq, Pmag i given by

Prose = 3rNm*
e 2heey

| Jex|*(g5 — 1)2J(J + 1), (4.8)

where J. is the exchange integral for the direct interaction between the local moments and
conduction electrons. When T = Tora, Pmag shows a pronounced kink, and when T < T4,
Pmag Strongly decreases with decreasing temperature. The magnetic resistivities in the
actinides, however, are ascribed to strong scattering of the conduction electrons by the
spin fluctuations of 5f electrons. This contribution to the resistivity at low temperatures
is given by the square of the temperature, namely pma; = A'T2. In the heavy Fermion
system, the coefficient A’ is extremely large. Therefore, pmag and pe. are inseparable and
Pmag can be considered to change to pe.. An analogous situation occurs to the specific
heat, Namely, in the heavy Fermion system, the magnetic specific heat Cpag is changed
into a large electronic one C,.

4.2.2 Experimental method of the resistivity measurement

We have done the resistivity measurement 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 (0.05mm in diameter) were also used for small
samples. The sample was mounted on a sample-holder and installed in a “He or 3He
cryostat. We measured the resistivity from 1.3 or 0.5 K to the room temperature. The
thermometers are a RuO, registor at lower temperatures (below 20K) and a Au-Fe-Ag
thermocouple at higher temperatures.

4.3 Specific heat

4.3.1 Introduction to the specific heat

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

C = Ce + Cph + Crnag + Chuc (4.9)
A
=~T + ,8T3 + Cmag + T2 (410)

where A, v and 3 are constants characteristic of the material.
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The electronic term is linear in 7" and is dominant at sufficiently low temperatures.
If we can neglect the magnetic and nuclear contributions, it is convenient to exhibit the
experimental values of C as a plot of C/T versus T2

%=7+[3T2. (4.11)

Then we can estimate the electronic specific heat coefficient . Using the density of states,
the coefficient -y can be expressed as

2,
Y= —é—kB D(EF) (412)

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

According to the Debye T3 law, for T < Op:

Cph jasd

1271’4NkB T
©p

3
- —) = AT3, (4.13)

where ©Op is the Debye temperature, N the number of atoms and R the gas constant. For
the actual lattices the temperatures at which the T approximation holds are quite low.
It may be necessary to be below T' = ©p /50 to get a reasonably pure T3 law.

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

Z ni E; exp(—-—E,-/ kBT)

Bowe = (Ei) = = 5= exp(~Ei/ ksT) (4.14)

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

OEcEr

7
This contribution is called a Schottky term. Here, the entropy of the f electron S is
defined as

Cseh = (4.15)

T Csen
S=/ —=dT. (4.16)
o T
The entropy is also described as
S=RlnW, (4.17)

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

Crag < T¥?  (ferromagnetic ordering) (4.18)

o« T3 (antiferromagnetic ordering). (4.19)

When the antiferromagnetic magnon is accompanied with the energy gap Ap, eq. (4.19)
is modified to Crag x T° exp(—Ap/ksT).

4.3.2 Experimental method of the specific heat

The specific heat was measured by the quasi-adiabatic heat pulse method using a
dilution refrigerator, 3He and *He cryostat at temperatures down to 0.2, 0.6 and 1.7K,
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:

AQ I-V-At
AT ~ AT

Here, AQ is the amount of heat, I and V' are the current and the voltage flowing to the

C =

(4.20)

heater, respectively, At is the duration of heating and AT is the change of temperature
due to heating. The temperature was measured by the RuO, resistor at the addenda.
The specific heat of the sample is derived by subtracting the specific heat of the addenda
measured.

4.4 Transverse magnetoresistance

4.4.1 Introduction to the transverse magnetoresistance

High field transverse magnetoresistance Ap/p = {p(H) — p(0)}/p(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.**) Under the high field condition of w.r > 1, it is possible
to know whether the sample under investigation is a compensated metal with an equal
carrier number of electrons and holes (n, = ny), or an uncompensated metal (ne # ny),
and whether the open orbit exists or not. Here, w, = eH/mc is the cyclotron frequency,
7 the scattering lifetime, m? the cyclotron effective mass and w,7/27 is the number of
the cyclotron cycles performed by the carrier. The characteristic features of the high field
magnetoresistance are summarized as follows for w, > 1:

(1) For a given field direction, when all of the cyclotron orbits are closed orbits, (a) for
the uncompensated metal the magnetoresistance saturates (Ap/p ~ H®), and (b) for
the compensated metal the magnetoresistance increases quadratically (Ap/p ~ H?).
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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 as Ap/p ~ H? cos? a, where « is the angle between the current
direction and the open orbit direction in k-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 axis 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 H rotates in the k.-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 are compen-
sated metals. In this case the transverse magnetoresistance increases as H" (1 < n < 2)
for a general direction of the field. When the magnetoresistance is saturated for a particu-
lar field direction, often a symmetrical direction, some open orbits exist whose directions
are parallel to J x H, namely o = 7/2 in k-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.T)2, we can
estimate the w,r value. If the quality of the sample is better, the magnetoresistance
becomes larger in a high field, corresponding to the longer scattering lifetime 7.

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 measurement. 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—van Alphen effect

4.5.1 Introduction to the de Haas—van Alphen effect

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

34) Therefore various physical quantities show a periodic variation

and forms Landau levels.
with 1/H, since increasing the field strength H 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 mag-
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open orbit (in k-space) uncompensated metal | compensated metal

& &
none & &
o o
open orbit // J & g
open orbit LJ

Aplp

When an open orbit exists
on the plane sliced vertical

with H

Ap/p

Aplp

When no open orbit exists
on the plane sliced vertical

with H

Aplp

Table 4.1 Magnetoresistance in a high field at each condition.
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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. From the field and temperature dependences of various physical
quantities, we can obtain the extremal area .S, the cyclotron mass m} and the scattering
lifetime 7 for this cyclotron orbit. The magnetization or the magnetic susceptibility is the
most common one of these physical quantities, and its periodic character is called the de
Haas—van Alphen (dHvA) effect. It provides one of the best tools for the investigation of
Fermi surfaces of metals.

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

=22 CAvin (T2 4, (421)

-1/2
A; o HY?2 | 2% 7S, RrRpRs, (4.22)
Oky?
ArmiT/H

R = sinh(Arm2,T/H)’ (423)

Rp = exp(—ArmTp/H), (4.24)

Rg = cos(mgirmy; /2my), (4.25)

A = 2n%ckg/eh. (4.26)

Here the magnetization is periodic on 1/H and has a dHvA frequency F;:

F= ;—cs,, (4.27)

which is directly proportional to the i-th extremal (maximum or minimum) cross-sectional
area S; (¢ =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 areas
exist in a gourd-shaped Fermi surface.

The factor Ry in the amplitude A; is related to the thermal damping at finite temper-
ature T. The factor Rp is also related to the Landau level broadening kgTp. Here Tp is
due to both the lifetime broadening and inhomogeneous broadening caused by impurities,
crystalline imperfections and strains. Tp is called the Dingle temperature and is given by

h 1

o= 27rkB T

(4.28)

The factor Rg is called the spin factor, and related to the difference of phase between
the Landau levels due to the Zeeman split. When g; = 2 (free electron value) and
mg; = 0.5myg, 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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Fig. 4.12 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 this situation the second harmonics for r = 2
should gave a full amplitude.

The quantity |02S/0kg?|~'/? is called the curvature factor. The rapid change of the
cross-sectional area around the extremal area along the field direction diminishes the
dHvA amplitude for this extremal area.

The detectable conditions of dHVA effect are as follows:

(1) The distance between the Landau levels iw, must be larger than the thermal broad-
ening width kg7 hw, > kgT (high fields and low temperatures).

(2) At least one cyclotron motion must be performed during the scattering, namely
weT/2m > 1 (high-quality sample). In reality, however it can be observed even if a
cyclotron motion is about 10 % 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,
we can also 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/ cosé (0 is a tilted angle from k, to k, or k,). In an ellipsoidal
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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.

(@) (b) (©)

~
o
N

dHvA frequency

©

Field Angle

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

4.5.3 Cyclotron effective mass

We can determine the cyclotron effective mass m?; from the temperature dependence

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

A; =22am:T Amy;
gl B Bifeilops . e o= =l - 4.
In { T [1 exp ( i )} } i T + const (4.29)

We can obtain the cyclotron mass from the slope of a plot (so-called mass plot) of In{ A;[1—
exp(—2Am%T/H)]|/T} 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 mass and the electronic specific
heat coefficient . Using a density of states D(eg), v is described as

7!'2

7=3 ks2D(eg). (4.30)

In the spherical Fermi surface, using e = h%k2/2m? takes

2, V [oms)*?
V= ‘3_]‘7% " on? ( 2 ) EFI/2 (4.31)
ks?V
= “gBh—szkF’ (4.32)

where V' is molar volume.
In the case of the cylindrical Fermi surface, the density of states is

ON ) 21y
Dier) = 5| =5 [251:, / (( ‘7;) )] (4.33)
3 Ef
kV 08
AR (4.34)

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

written as:
. h? oS
m, = -2—; % . , (435)
F
we obtain the y-value from egs. (4.30), (4.34) and (4.35) as:
kg?v

We regard the Fermi surfaces as sphere, ellipse or cylinder approximately and then can
calculate the y-values.

4.5.4 Dingle temperature

We can determine the Dingle temperature Tp from measuring the field dependence of
the dHvA amplitude. Equations (4.22)-(4.24) yield

In [A,-Hl/2 sinh </\m%T)] = —-xmyTp - % + const. (4.37)

We can obtain the Dingle temperature from the slope of a plot (so-called Dingle plot) of
In[A; HY2 sinh(Am%,T/H)) versus 1/H at constant T. Here, the cyclotron effective mass
must have already been obtained.
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We can estimate the mean free path ! or the scattering lifetime 7 from the Dingle
temperature. The relation between the effective mass and the lifetime takes the form:

hkF = mz’UF, (4.38)
l = vpT. (4.39)
Then eq. (4.28) is transformed into
Rkg
= SrEmeTs (4.40)

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 hg cos wt is varied on an external field Hy (Hp > hg) 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. V will be
proportional to

dM dH
=IH @t (4.42)
) > ho* (de) )
= —chow sinwt — sin kwt, (4.43)
> stey ().,

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 kwt are neglected. Calculating the
(d*M/dH¥), it becomes

k
= ——chZ k= 1(k —)1 (ZWhO) sin (27rF + 8- -——) - sin kwt. (4.44)

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

. 27rF 2rF
M(t) = A | Jo(A) sin ( 0, > + 2;&];9()\) cos kwt - sin ( + 8 ——)J
(4.45)
where
27I'Fh()
4.4
Sl (4.46)



Here, Ji is the Bessel function of the first kind of order k. Finally we can obtain the
output e.m.f. as follows;

o0
V=c (%) = —2cwA ; kJi(A) sin (? + 63— I%r) - sin kwt. (4.47)
The signal was detected at the second harmonic of the modulation frequency 2w using
a Lock-in-Amplifier, since this condition may cut off the offset magnetization and then
detect the component of the quantum oscillation only. We usually choose the modulation
field ho to make the value of J,(A) maximum, namely A = 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 measurement in the present study.

Sample 2¢ Pick-up coil

Z
N

Y774
5
R RRRRRRRRRKRRRY

Compensation coil

SRR

A9 AS I s

1

Cotton

Fig. 4.14 The detecting coil and the sample location.
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Fig. 4.15 Bessel function Ji(A) of the first kind.
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Fig. 4.16 Bock diagram for the dHvA measurement.

4.6 Shubnikov—de Haas effect

4.6.1 Introduction to the Shubnikov—de Haas effect

The Shubnikov-de Haas (SdH) effect is the dHvA oscillation reflected in the field
dependence of the electrical resistivity.?®) The theory of the effect® is quite complicated,
since it involves the detailed problem of electron scattering in a magnetic field. On the
basis of the simple model,®” 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 7 and the resistivity, will oscillate in sympathy with
the oscillation of the density of states at the Fermi energy.

Actually, the observed oscillations follows the Lifshitz—Kosevich formula, as described
in eqs. (4.21)-(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 159 Hz,
respectively.

RuO,
Thermometer
) Drive Shaft ~_| /
Silver Paste —— Wheel
() Worm Gear _— Sample
|_— Heater

Fig. 4.17 Detailed picture of the sample holder and the inside wheel for the SdH effect.
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Chapter 5 Experimental Results and Discussion

5.1 PrPb;

5.1.1 Specific heat

We have measured the specific heat in the temperature range from 0.2 to 70 K.36:98,99)
In Fig. 5.1, we show the temperature dependence of the magnetic specific heat Cp, in
the low temperature range. The magnetic part of the specific heat was obtained by
subtracting the phonon part of a non-f reference compound LaPbs. The sharp ) like
peak at 0.4K 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
0.35K, as shown in Fig 3.3.3%) 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.

4k
)
.8 -
S
g 21
@)
O : I 1 | 1
0 1 2 3

Temperature (K)

Fig. 5.1 Magnetic specific heat of PrPbs.

We also show in Fig. 5.2 the temperature dependence of the magnetic entropy Sp.
The magnetic entropy Sy, was obtained by integrating Cy,/T over T. The entropy reaches
RIn2 at 5K, RIn5 at 20K and RIn8 at 38 K, although the data are a little scattered in
the temperature range of 35 to 50 K. The present data are almost consistent with the 4f
energy scheme shown in an inset of Fig. 5.2 with the ground state of the I'3 non-Kramers
doublet.
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Fig. 5.2 Temperature dependence of the magnetic entropy for PrPbz. The inset shows
the 4f level scheme determined by the neutron experiment, cited from ref. (39).

5.1.2 dHvVA 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 130kOe. Branches a, 3, v 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, 3, v and é are almost constant against the field angle, the main dHvA
branches correspond to nearly spherical Fermi surfaces. The experimental results of PrPbs
are compared to those of the non-f reference compound LaPbz shown in Fig. 5.5.

The angular dependence of the main dHvA branches in PrPb; is in good agreement
with that of LaPb;. Therefore we can treat the Fermi surfaces of PrPb; as those of LaPbs.
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
LaPb; and PrPbg are 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 3: a band-11 hole one centered at the I' point

branch 7: a band-10 hole one centered at the I' point

branch é: band-11 hole ones, which are twelve in number
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Fig. 5.3 (a) dHvA oscillation and (b) its FFT spectrum for the field along the (100)

direction for PrPbs.

The band-10 hole Fermi surface in Fig. 5.7, centered at the I' point, is almost spherical.
This corresponds to branch . The band-11 hole Fermi surface, centered at the I" 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 ( for the
field along the (100) direction. The band-11 hole Fermi surfaces, which is in the shape of
a pillow, correspond to branches § and &’. The band-11 hole Fermi surface, centered at
the R point, is again a nearly spherical one, which corresponds to branch «. This Fermi

surface is the largest in volume.

We have determined the cyclotron effective mass m; 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 1.2K, are shown in
Table 5.1 for the principal field directions, where my denotes the free electron mass. We
also show the Dingle temperature Tp in Table 5.1, which has been determined from the
field dependence of the dHvA amplitude by using eq. (4.37) under a constant temperature
of 0.45 K, as mentioned above. The mass is in the range from 0.87 mg to 6.7 mg. Here we
note that the mass of the main branch « is heavy, ranging from 3.7mg to 6.7mg. The
cyclotron masses of PrPbs, NdPbs, LaPbs and the band mass of LaPbs are summarized
in Table 5.2 for comparison. The cyclotron masses of PrPbs are 1 to 2.5 times larger than
those of NdPbg, 2 to 6 times larger than those of LaPbs and 2 to 7 times larger than the
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Table 5.1 dHvA frequency F, cyclotron mass m} and Dingle temperature Tp in PrPbs.

H // (110) H [/ (100) H //(111)
F (XIOG Oe) m: (mo) TD (K) F (X106 Oe) m: (mo) Tp (K) F (><].06 Oe) m: (mo) T (K)
a 99.1 6.7 — a 985 3.7 2.2 a 938 4.9 —
8 30.2 3.9 — 8 36.7 — —
v 134 2.0 1.9 v 133 2.2 2.0 ¥ 13.0 1.9 2.8
6 6.30 1.2 24 é 6.45 2.5 1.7 é 7.09 — —
&  3.88 1.3 —
@ 1.78 1.1 2.2 @ 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-f reference
compound LaPbj.

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 « 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
1 K. The straight line in Fig. 5.8 whose slope gives 1.5 my 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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Fig. 5.7 Fermi surfaces in LaPbjs: (a) hole in band 10 centered at the I point, (b) hole in
band 11 centered at the I' point, (¢) hole in band 11 centered at the R point.
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Table 5.2 Cyclotron masses in PrPbz, NdPb; and LaPbz and band mass of LaPbs. The
data of NdPbs were cited from ref. (45).

PrPb;  NdPb;  LaPb;  Band Mass
mg (mo) mg (mo) mg (mo)  myp (mo)
H // (100)
a 37 2.08 1.45 0.77
8 — — 2.29 1.07
N 22 0.94 0.38 0.30
) 25 1.26 0.63 0.54
H // (110)
a 67 2.67 1.46 1.17
g 39 2.76 1.40 0.78
3.09
N 20 0.94 0.46 0.32
) 1.2 1.31 0.60 0.64
¥ L] T L] ' LJ L L] L) I L] ¥ L)
%O
O
- Q‘) Per3 -
% H // <100>
branch vy

C

A i A

In{A[1-exp(-20om*T/H)]/T} (arb.units)

05 10
Temperature (K)

o

Fig. 5.8 Mass plot between 0.03K and 1.5K for branch + in PrPbg.
fitted only in the temperature range from 1.5 to 1.0K.

The straight line is
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we have determined each cyclotron mass from seven data points in a narrow 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 ~ along the field H || (100)
direction. The mass of 1.6 mg around 1.2K increases up to 4.0mg at 0.17K. Here we
note that the mass of branch 7 is cited as 2.2 mg 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 § indicates a different behavior, as shown in Fig. 5.10.
The mass is almost constant, 2 mg, but 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
2.8K 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 effective mass m} is usually larger than the band mass
™y, as shown in Table 5.2. Therefore, the enhancement factor A for the cyclotron effective
mass can be defined as

my = (1+ A)my (6.1)

Origins for A 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 A, and Ay, respectively. The value of
the electron-phonon term A, is smaller than 1. If it were large, it might cause lattice
instability. The magnetic contribution or the magnon enhancement A, occurs in cerium
and uranium compounds. Actually, a large cyclotron mass of 120 my is detected in the
dHvA experiment for the Kondo lattice compound CeRu,Si;.1%0

As for PrPbs, the localized 4f electron does not form a Kondo lattice nor induce the
magnetic ordering. Therefore, )\, is usually small. For example, the cyclotron mass in a
Van Vleck paramagnet PrIng is only twice larger than the corresponding mass of Lalngz.1oV
The cyclotron mass in PrPbs is, however, considerably large, which is 2 to 6 times larger
than that of LaPbz. The mass enhancement mechanism in PrPb; 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.!®® The present experimental results suggest that
the short-range antiferroquadrupolar ordering starts roughly from 1 K at which the mass
for branch v starts to become heavy. This is consistent with the result of the specific
heat.
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Fig. 5.9 Temperature dependences of (a) the cyclotron effective mass m?, (b) the Dingle
temperature 7p and (c) the product of the mass and the Dingle temperature
miIp for branch v in PrPbs.
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Fig. 5.10 Temperature dependences of (a) the cyclotron effective mass m?, (b) the Dingle
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5.1.3 Metamagnetism

Figure 5.11 shows the magnetization for the field along the (100) direction at 0.40K
and 1.05K. Both data have been obtained with increasing the field, although the mag-
netization process possesses no hysteresis. The magnetization at 1.05 K increases almost
linearly. On the other hand, the magnetization curve at 0.40 K indicates a small step-like
behavior shown by an arrow, which corresponds to the metamagnetic transition. Plots of
differential magnetic susceptibility as a function of magnetic field, as shown in the inset
of Fig. 5.11, 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 maximum at
0.55 K becomes broader than that at 0.40 K, and slightly shifts to a lower field of 74 kOe.
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 0.42 K exhibit a large minimum at 73 kOe which we define
as the critical field of the metamagnetic 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 0.55K.

It is interesting to examine the metamagnetic 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 maximum in x,., modulated by the dHvA oscillations, is observed at
70kOe at the lowest temperature of 0.07 K, which is shown by an arrow. The critical field
is almost constant in the temperature range of 0.07K to 0.52 K, although the maximum
becomes broader at 0.52K and disappears above 0.6 K.

These experimental results of the magnetization, magnetostriction and AC suscepti-
bility are summarized as follows:

(1) The metamagnetic transition occurs below 0.6 K. This is almost the same temper-
ature as the short-range antiferroquadrupolar ordering starts to develop.

(2) The critical field of the metamagnetic transition has approximately no temperature
dependence and is about 70 kOe.

Next we discuss the origin of the present metamagnetic transition. Since the ground
state is the non-Kramers 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 Pr®* 4f levels with a molecular field constant A\. The
Hamiltonian which describes this system is

H =Hcrr + Hy, (5.2)
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Fig. 5.11 Magnetization curves along the (100) direction in PrPb; at 0.40 and 1.05K.
The inset shows the differential magnetic susceptibility.

where the CEF Hamiltonian Hcgy is given by the CEF parameters B]* and the Stevens’
operator equivalents as

Herr = B2(02 + 50%) + (08 — 2103), (5.3)

and the magnetic dipolar term Hj including Zeeman and Heisenberg couplings can be
described as

Hy = —g;us(H + Agyug(J)) - J. (5.4)

The CEF level scheme was determined in two ways. One scheme, which was given by
Lethuillier and Chaussy, can perfectly describe the susceptibility data,®” although it is
inconsistent with the CEF level scheme determined from the inelastic neutron scattering
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Fig. 5.12 Field dependence of the magnetostriction in PrPbs.

by Gross et al.3® 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
50k0Oe. These are due to the crossing of Zeeman-split energy levels. That is, the first
excited state is the I'y 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 4f level of I'y
increases monotonously with increasing the field. These two levels originated from the I'y
triplet cross each other at about 50kOe. 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 PrPbs.

result of the CEF calculation indicates the metamagnetic behavior even at 4.2 K 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 1K, 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 H-T phase diagram (see next sec-

tion).15:98,103, 104)
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5.1.4 Other group’s studies

Using the samples of PrPb; which we grew in the present study, the magnetiza-
tion and specific heat measurements were done in Sakakibara group in Hokkaido Uni-

versity. 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 x below 5K
reflects the non-magnetic CEF ground state. The dashed line in the figure is the calculated
result for x(T') in the paraquadrupolar state, consisting of a single-sited contribution XCEF
with the CEF level scheme I'3(0)-T"4(15 K)-TI'5(28 K)-T'1(35 K) and an antiferromagnetic
molecular field coefficient n: x = xcpp(l — NXcgp)- Good agreement was obtained with
n = —4.6mole/emu, which gives rise to a high-temperature Curie-Weiss constant of
6, = —7K, consistent with the previous results.3”40) Below 0.4 K, x exhibits a small but
clear increase due to the antiferroquadrupolar ordering. The inset of Fig. 5.14 shows the
x around Tq obtained under various fields. Interestingly, Tq(H) defined by the bending
point in M(T') increases with H.

PP,
H/ (100}

ot 1 10 100
T

Fig. 5.14 Magnetic susceptibility of PrPbs measured in H = 1T applied parallel to (100).
Open circles are the experimental results while the dashed line is the calculated
one. The inset shows M/H near Tq obtained under various fields from 1 to 5T,
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 H, the
peaks in C(T') shifts to higher temperatures, in accord with the magnetization results. For
H || (100) the peak position suddenly turns to decrease at 7T and the structure 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 7T for H || (110), suggesting
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that the critical field where the antiferroquadrupolar ordering collapses is slightly higher
in this direction.
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Fig. 5.15 Specific heat of PrPbs measured at various fields. (a) H || (100); (b) H || (110),
cited from ref. (104).

The antiferroquadrupolar ordering temperature Tq(H) determined by these experi-
ments is plotted in Fig. 5.16 for (a) H || (100) and (b) H || (110), where open circles and
solid squares are the data points determined from C(H) and M(T) measurements, re-
spectively. The solid circles in Fig. 5.16 (a) indicate the position of a small metamagnetic
jump in M(H) curves,'®%) which is considered to be a transition from the antiferro-
quadrupolar state to a paraquadrupolar state. On the other hand, no clear anomaly was
observed in the magnetization curves for H || (110) below 8 T. For both field directions,
Tq is found to increase with H. This enhancement of Tg(H) is the largest for H || (100).

Analysis of the phase diagram

For simplicity, a two-sublattice antiferroquadrupolar structure was assumed as schemat-
ically shown in Fig. 5.17. Here the ordered state is an array of O quadrupolar moment.
The ovals of different orientations in Fig. 5.17 represent two states of the O moment
((0O9) > 0 and (O2) < 0). When external field H is applied along the z ([001]) axis, a
staggered magnetic moment parallel to H 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 Ty under
magnetic field. The argument can be made more quantitative by introducing the following
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Fig. 5.16 Antiferroquadrupolar ordering temperature Tq of PrPbs determined by mag-
netization and specific heat measurements. (a) H || (100); (b) H || (110) Solid
lines are guides to the eyes, cited from ref. (104).

single-site Hamiltonian for each sublattice A, B:

Haw) =Hcer — gyupd - H — (Ki(J)pa) + Ko(T)aw) - J
— Kr, [(09)B(a)03 + (O3)B0)03] - (5.5)

The calculated H-T phase diagram for H || [001] is shown in Fig. 5.18 by a solid line.
This phase diagram explains the experimental result in Fig. 5.16 (a), satisfactorily. Under
fields applied parallel to [001], the O phase becomes stable.

The dot-dashed line in Fig. 5.19 shows the calculated result of Tq(H) for H || [110]
obtained by eq. (5.5). In this field direction, OZ-antiferroquadrupolar phase becomes
stable. The result disagrees with the experimental one in Fig. 5.16 (b). This contradiction
can be removed by introducing an octupolar interaction. Namely, the following inter-
sublattice octupole interaction was introduced in addition to eq. (5.5);

My = —G(Ts) - T, (5.6)

where Tg = (T?,T?,TP) is a octupole moment. The definition of the operator is T =

zrtyrtz

%(Jsz — J,2J;), where the bar means the symmetrized product; one needs to sum
over possible permutations of the indices z, y and z. The solid line in Fig. 5.19 is the
Tq(H) calculated by using eq. (5.5) and (5.6). This is fairly in good agreement with the
experimental results in Fig. 5.16 (b).
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Fig. 5.17 Schematic Of antiferroquadrupolar phase. The arrows indicate the induced
magnetic moment under magnetic field applied parallel to the [001] direction,

cited from ref. (104).
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Fig. 5.18 Calculated field variation of Tq(H) for

H || [100]. The solid line is the solution
of eq. (5.5). The dashed line is the re-
sult with K; = K3 = 0 for comparison,
cited from ref. (104).
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Fig. 5.19

Calculated field variation of Tq(H) for
H || [110]. The dot-dashed line is the
solution of eq. (5.5), while the solid
line is the result indicating the oc-
tupole interaction eq. (5.6), cited from
ref. (104).



5.2 YbPb; and EuPb;

5.2.1 Electrical resistivity

We measured the electrical resistivity in YbPbs and EuPb; at temperatures down
to 7K. Figure 5.20 shows the temperature dependence of the electrical resistivity p in
YbPb; and EuPb;. The resistivity in YbPbs indicates a T-linear dependence above 120 K,
which is similar to the previous data.5!) The resistivity at 7K p, and the resistivity ratio
Prr/ Prx are 2.6 pf2-cm and 30, respectively. The resistivity in EuPbs also shows a T-linear
dependence above 100K. A steep decrease below 20K is due to the antiferromagnetic
ordering, which is in good agreement with the previous report.*® The resistivity at 7K
prx and the resistivity ratio pgr/p are 4.4 u2-cm and 21, respectively. Here we note that
the residual resistivity ratio pgr/pox must be much larger than ppr/p = 21, because
the resistivity still tends to decrease at lower temperatures.

100——m™W———+————1——
EuPb,

P (uQ-cm)
W
=

0 100 200 300
Temperature (K)

Fig. 5.20 Temperature dependence of the electrical resistivity in YbPbs and EuPbg.

5.2.2 dHvVA effect in YbPb;

The dHvVA experiments were measured in fields up to 130kOe and at temperatures
down to 0.4K. 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 a, € and ¢ correspond to Fermi surfaces. The other dHvA frequencies in the
FFT spectra are due to harmonics of the fundamental frequency named ¢. Figure 5.23
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Fig. 5.21 (a) dHvA oscillation and (b) its FFT Fig. 5.22 (a) dHvA oscillation and (b) its FFT

spectrum in the field range from 20 spectrum in the field range from 65
to 60kOe for the field along (100) in to 70kOe for the field along (110) in
YbPbs. YbPbs.

shows the angular dependence of the dHvVA frequency, which is proportional to the cross-
sectional area of the Fermi surface. Since the frequencies of the main dHvA branches o
and ¢ are almost constant against the field angle, these branches correspond to nearly
spherical Fermi surfaces. The volumes of the Fermi surfaces for the branches a and ¢ are
small and occupy 8.1 % and 0.05% of the cubic Brillouin zone, respectively. The angular
dependence of the dHvVA frequency in YbPb; is completely different from those of LaPbs,
PrPbs; and NdPb; shown in Figs. 5.5, 5.4 and 3.5.34%) This is because the valence state
of Yb in YbPbg is not trivalent but divalent, as described in Sec. 3.1. YbSnz has the same
crystal structure and the same valence state as in YbPbz. The angular dependence of the
dHvA frequency in YbSns!%® is approximately in agreement with the present results in
YbPbs.

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. Further-
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 & near 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 appear
only around (100). This is most likely due to the curvature factor of the Fermi surface.
Branch ¢ 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 m} from the temperature dependence
of the dHvA amplitude. The cyclotron masses, 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 mg
denotes the free electron mass. The present Fermi surfaces possess light masses, which
are in the range from 0.21 to 0.60 my.
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Fig. 5.24 Angular dependence of the theoretical dHvA frequency in YbPbs.

We also show the Dingle temperature Tp in Table 5.3, which was determined from the
field dependence of the dHvA amplitude under a constant temperature of 0.45 K. Here,
Tp = 1K, which is inversely proportional to the scattering lifetime, corresponds to a
scattering lifetime of 1.2 x 10~'?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 1 K.

5.2.3 dHvVA effect in EuPb;

We also detected the dHvA oscillation of the antiferromagnetic compound EuPbs;.
Figures 5.26 and 5.27 show the typical dHvA oscillations and FFT spectra for the field
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Fig. 5.25 (a) 14th hole Fermi surface centered at the I' point, (b) 15th electron Fermi
surfaces centered at the I" point and (c) 15th electron Fermi surfaces centered
at the I" point in YbPbs.
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Table 5.3 dHvA frequency, cyclotron mass and Dingle temperature in YbPbs.

H /] (110) H // (100} H [] {111}
F (x10°0e) mg (mo) Tp (K) F (x10°0e) m¢ (mo) Tp (K) F (x10°0e) m¢ (mo) Tp (K)
a 329 0.58 32 a 329 0.60 28 a 294 0.48 8.0
e 739 046 44
¢1 130 027 ¢ 113 0.23 34 ©1 151 034 1.7
02 119 024 p2 104 023 2.6

ws 106 021

along the (100) direction in the field range from 3 to 40 kOe and 80 to 100 kOe, respectively.
Branches 7, and 7, with low dHvA frequencies in Fig. 5.26 are observed in low fields. A
quantum limit state is realized for branches 7; and 7, with extremely small Fermi surfaces.
Namely, the Landau-level numbers n = 0 and 1 for branch 7, with 7.0 x 10% Oe correspond
to the fields of 140 and 47kOe, respectively. On the other hand, branches §, v and «,
which correspond to the main Fermi surfaces, are observed in higher fields, as shown in

Fig. 5.27.
EuPb,
H // <100>
045K ﬂ /\/\/\/\/
\/ @
!
40kOe I/H — 3kOe
Ut
(b)
2n,
i
o t 2 3 _4 5
dHvA Frequency (x10° Oe)

Fig. 5.26 (a) dHvA oscillation and (b) its FFT
spectrum in the field range from 3 to
40kOe for EuPbs.
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Fig. 5.27 (a) dHvA oscillation and (b) its FFT

spectrum in the field range from 80 to
100 kOe for EuPbs.

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

from 3 to 130kOe, which is in the antiferromagnetic state. The Fermi surface of EuPbs
is expected to be similar to that of YbPbg, if the presence of 4f electrons is neglected. In

fact, branch o is similar to the one of YbPbs in magnitude, although it disappears around
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the (110) direction. Branch a 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 a in EuPb;. The other branches are different from those of YbPbs in
both the angular dependence and the magnitude. These are the antiferromagnetic Fermi
surfaces. Branches v and § are almost constant against the field angle, which are also
due to the nearly spherical Fermi surfaces. Branch 7, which corresponds to an ellipsoidal
Fermi surface, is most likely split into up (7:) and down (7;) spin branches due to the
magnetic exchange interaction.

We determined the cyclotron effective mass m} 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 Tp in Table 5.4 which was determined
from the field dependence of the dHvA amplitude at a constant temperature of 0.45K.
The mass is in the range from 0.05 to 0.57 mg, which is quite small as in YbPbs. The
cyclotron mass of branch o for the field along the (111) direction, 0.46 my, is in good
agreement with 0.48 mg of YbPbs. The Dingle temperature is larger than 1K as in
YbPbs;.

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

H [/ (110) H [/ {100) H [/ (111)
F (x10°0e) mg (mg) Tp (K) F (x10° Oe) mg (mo) Tp (K) F (x10°Oe) m¢ (mo) Tp (K)
a 257 — - a 269 0.46 3.2
B 119 0.45 45
v 349 053 2.0 Y 364 057 2.1
241  0.32 4.9 271 0.30 6.3
& 192 044 1.7 & 180 028 3.3 § 159 020 3.5
143 040 —
m 015 007 — m 010 0.0 — m 014  0.08 —

72 0.10 0.06 — 72 0.07 0.05 — 72 0.10 0.07 —

5.2.4 Specific heat of EuPb;

We measured the specific heat in the temperature range from 1.6 to 40 K. Figure 5.29
shows the temperature dependence of the specific heat. A sharp X like peak at 20K
corresponds to the Néel temperature. This value is almost the same as the previous one
of 22 K, which was determined from the magnetic susceptibility experiment.*%

We also show in Fig. 5.30 the temperature dependence of the magnetic entropy Sy.
The magnetic entropy S, was obtained by integrating Cp,/T over T, where Cy, 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 Néel temperature. The electronic contribution was
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Fig. 5.28 Angular dependence of the dHvA frequency in EuPbs.

also neglected because it is extremely small. The RIn8 value is thus obtained around
30K, as shown in Fig. 5.30. This is approximately consistent with the present situation,
where the crystalline electric field of the 4f levels does not exist in the divalent state of
EuPbs (L =0 and S = 7/2) and the relation of 25 + 1 = 8 is realized.

5.2.5 Magnetic susceptibility and magnetization of EuPb;

We show in Fig. 5.31 the temperature dependence of the reciprocal magnetic suscep-
tibility 1/x for 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 paramagnetic Curie temperature 6, is —55,
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Fig. 5.29 Temperature dependence of the specific heat in EuPbgs.
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Fig. 5.30 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 —53 K for the (100), (110) and (111) directions, respectively. The effective Bohr
magneton is also determined as 7.89, 7.77 and 7.89 ug/Eu for (100), (110) and (111),
respectively. The anisotropies of the Curie temperature and the effective Bohr magneton
are negligibly small. The experimental value of the effective Bohr magneton is almost the
same as the theoretical free ion value of Eu?t, 7.94 uz/Eu. The Néel temperature Ty 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 5K for all the principal directions, as shown
by an arrow. This suggests a change of the antiferromagnetic state.

We measured the magnetization with pulse and steady fields for the field along the
(100) direction at 4.2 K, 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 uz/Eu, which is
almost the same as the theoretical free ion value of Eu?*, 7ug/Eu. 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 two-sublattice
model. The exchange field Hg , Néel temperature Ty and paramagnetic 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 6, are obtained as follows:1%®

gus
T = QS(TSIC:—Q(ﬁ ~a), (5.38)
and
25(S+1
Op = —~(3k: )(ﬁ +a), (5.9)

where the spin angular momentum number S (= 7/2), g (= 2) is the g-factor, a and
B are the magnetic exchange interaction in the inter- and intra-magnetic sublattices,
respectively. A saturated magnetic field H, corresponds to 2Hg. From the present data
of H. = 380kOe and Ty = 20K, we can obtain a/ky = —3.65K, 8/kz = —1.74K and
0, = —57K. A value of , = —57K is in good agreement with the obtained values of —53
and —55K.
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5.3 Sme3 and Gde3

5.3.1 Electrical resistivity

Figure 5.33 shows the electrical resistivity in SmPbs; and GdPbs; at temperatures
down to 7K.197 The resistivity of LaPbs is also shown as a reference. The resistivity in
SmPb; retains a fairly large value even in the low temperature range. In the previous
report, this behavior was analyzed on the basis of the Kondo effect.*®) The resistivity in
GdPb; decreases with decreasing the temperature, showing almost the same temperature
dependence as that of LaPbs. Then the resistivity in GdPbs steeply decreases below
16 K, which corresponds to the Néel temperature. This value is in good agreement with
the previous result.*®) The similar temperature dependence between GdPb; and LaPb,
indicates that the magnetic contribution to the resistivity in GdPbs is constant above the
Néel temperature.

50 : .
SmPb,

40+ J//<100>

30t .

P (u€2-cm)

20r LaPb,
10

0 100 200 300
Temperature (K)

Fig. 5.33 Temperature dependence of the electrical resistivity in SmPbs, GdPbs and
La.Pb;;.

5.3.2 Specific heat

We show in Fig. 5.34 the temperature dependence of the specific heat in SmPbz and
GdPDbs. Sharp A-like peaks are observed at 5.4 and 15.4K for SmPbz and GdPbs, which
correspond to the Néel temperatures. The Néel temperature in GdPb; is in good agree-
ment with the results of the electrical resistivity mentioned above. The specific heat in
SmPb; is consistent with the previous result of the specific heat.*6)
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Fig. 5.34 Temperature dependence of the specific heat in SmPbs and GdPbs.

5.3.3 dHvVA effect

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

1) SmPb;

First we show the results of SmPb;. The typical dHvA oscillation and its FFT spec-
trum in SmPbs are shown in Fig. 5.35. There are detected three dHvA branches named
B, v and é and its harmonics and sum. When the field is reduced or the field angle is
tilted, the another branches ¢ and a are observed. '

We show in Fig. 5.36 the angular dependence of the dHvA frequency in SmPb3. Branch
o is similar to branch a in LaPbg as shown in Fig. 5.5, although it is observed only around
the (111) direction. Therefore branch o in SmPb; most likely originates from the spherical
Fermi surface. However, the other branches disagree with those in LaPbs. 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 1.4mg. These
small masses are not consistent with the y-value of 100 mJ/K?mol 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 field along (100)
in SmPbs.

Table 5.5 dHvA frequency F and cyclotron mass m? for SmPbs.

H // (110) H [/ (100) H j/ (111)
F (x1070e) m} (mg) F (x1070e) m:(mg) F (x1070e) m (mo)
a 11.0
g 521 14
¥  3.56
é 1.79 0.55 é 2.36 1) 2.16
e 0.67 0.45 € 0.49 0.23 € 0.91
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Fig. 5.36 Angular dependence of the dHvA frequency in SmPbs.

2) GdPb;

We show in Fig. 5.37 the typical dHvA oscillation and the corresponding FFT spec-
trum. Fundamental branches a, 8, v, 9, €, and ( are observed. The second harmonics of
branch « is also observed as 2v. Figure 5.38 shows the angular dependence of the dHvA
frequency in GdPbz. The data in GdPbs are not similar to those in LaPb; 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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Fig. 5.37 (a) Typical dHvA oscillation and (b) its FFT spectrum for the field along (100)
in GdPbs.

amplitude A by using eq. (4.29). The detected masses are in the range from 0.61 to 1.6 my,
as summarized in Table 5.5.
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Fig. 5.38 Angular dependence of the dHvA frequency in GdPbs.

Table 5.6 dHvA frequency F' and cyclotron mass m} for GdPbs.

H // (110) H // (100) H /[ (111)

F (x1070e) m? (mp) F (x1070e) m: (mg) F (x1070e) m2 (mp)
a T7.60 1.6

B 5.83 8 6.22 1.5
~ 5.16 1.3
§ 3.60 1.2

e 175 0.61 e 231 0.80 e 214 0.64
¢ 120 1.5
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5.4 Ybln;

5.4.1 Electrical resistivity

We show in Fig. 5.39 the temperature dependence of the electrical resistivity in Yblns.
The resistivity increases linearly above 50 K with increasing the temperature, showing no
magnetic contribution to the resistivity. This is consistent with the divalent Yb ion pos-
sessing no magnetic moment. The resistivity ratio pgr/p, ox Was 120. This value indicates
a high-quality sample and is generally good enough to detect the dHvA oscillation.
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)
Q
g st :
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0 100 200 300

Temperature (K)

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

5.4.2 Specific heat

Figure 5.40 shows the specific heat in the form of C/T versus T2 in YbInz. The de-
termined «-value and the Debye temperature were 4.7 mJ/K?mol and 190 K, respectively.
It is expected that the mass enhancement of the conduction electrons is small from this
small y-value.

5.4.3 dHvVA effect

We measured the dHvA oscillations of YbIns 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, 8, v and € as well
as their harmonics, sum and difference. Figure 5.42 shows the angular dependence of the
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Fig. 5.40 T2 dependence of the specific heat C in the form of C /T for Yblng.

Table 5.7 dHvA frequency F and cyclotron mass m for Yblng.

H // (100) H /[ (110) H j/ (111)
F (x1070e) m? (mg) F (x1070e) m?(mg) F (x1070e) m? (mo)
a 123 1.1 a 125 1.3 a 13.8
B 654 061 B 644  0.68 B 587 045
v 197 033 ~y 197 041 v 17T 059
823 0.607 0.36 b12 0.648 éd 0634 0.36
63 0.598 0.31
e 0497 0.33 g1 0.538 €2 0.746 0.49
gq  0.482 g1 0473 0.28
¢ 0.340 0.22 1 0361 0.28 ¢ 0348 0.32

(2 0304 0.25

dHvA frequency in Yblns. Branches o, @ and v are nearly constant against the field
angle. Thus the corresponding Fermi surfaces are almost spherical. Branches §; and &, 3
originates from the same Fermi surface, although branch §; 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 ¢ and ( are again closed ones but
are modified from a sphere.

We determined the cyclotron mass m; from the temperature dependence of the dHvA
amplitude A, by using eq. (4.29). The cyclotron mass is in the range from 1.3 to 0.22 my.
These small cyclotron masses reflect the small vy-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 YblIns.

We will discuss the topology of the Fermi surface on the basis of the band model. If
the 4f electrons are localized, namely, Yb3* is realized, the topology of the Fermi surface
in YbIng is the same as that in Lalng or Lulnz. The angular dependence of the dHvA
frequency in YbIns, however, is quite different from that in Lalng or Lulnj (see Fig. 3.6
for Lalng). Therefore, 4f-localized band model cannot be applied to the present case.

Next we tried to apply the 4f-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 YbIng.

with the experimental one in topology. Therefore, we can define the experimental branches
as follows:

branch a: 13th band electron Fermi surface centered at R point,
branch 3: 14th band electron Fermi surface centered at R point,
branch «: 13th band electron Fermi surface centered at I' point,
branch 4: 12th band hole Fermi surface centered at M point,
branch : 12th 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 4f-levels which
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are far below the Fermi level. Hence, the 4f-electrons do not affect the Fermi surface. We
can give the same example of YbPbj as described in Sec. 5.2. On the other hand, a Pauli
paramagnet YbAIl; requires the artificial shifting of the 4f-levels to explain the dHvA
results.’® As a result, the 4f electrons in YbAl; become a substantial component of the
conduction band, forming heavy effective mass of the conduction electrons. Returning to
our results in YbIng, the detected masses are very small, ranging from 1.3 to 0.22 mq. This
indicates that there is no modification of the Fermi surface caused by the 4f electrons.

dHvA Frequency (Oe)

30 0 30 60 90
<110> <100> <l111> <110>

Field Angle (Degrees)

Fig. 5.43 Theoretical angular dependence of the dHvA frequency in Yblngs.
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Fig. 5.44 Calculated Fermi surfaces in Yblns.
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5.5 UAl;

5.5.1 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 follows the Fermi liquid nature of a
T?-dependence below about 3K: p = pg+ AT? (A = 1.50 x 1072 42 - cm/K2), 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 p, and the residual resistivity
ratio pgyr/py are 1.04 uQ) - cm and 88, respectively. In the previous report, Prr/Po Was
37.81) The present single-crystal sample indicates the highest quality as far as we know.

100 - . v T

UAI,
J /1 <100>

50

p (nQ-cm)

Temperature (K)

Fig. 5.45 Temperature dependence of the electrical resistivity in UAl3.

5.5.2 dHvVA 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
B, v and ¢ as well as the second harmonics of branch «. Branch 4’ might originate from
the same Fermi surface of branch «. These branches are split due to the corrugated Fermi
surface, indicating maximum 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 3
and v, branch « is clearly observed, although the dHvA amplitude for branch « is small
compared to those for the other main branches.
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Next we show in Fig. 5.48 the angular dependence of the dHvA frequency in UAl;.
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.

UAL

H // <100> (a)
33 mK

T

169k0Oe I/H— 60kOe

I (b)

0 Y 2
- JA . ALI
3 4

0 1 2
dHvA Frequency (x10’ Oe)

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

We determined the cyclotron mass m; from the temperature dependence of the dHvA
amplitude A, namely from the slope of a mass plot of In[A{1 — exp(—2am:T/H)}| vs
T by using eq. (4.29), as shown in Fig. 5.49. From this slope, the cyclotron mass was
determined as 5.8 mg for branch 3, 3.2 mq for branch v and 3.0 my for branch ¢ for the
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Fig. 5.47 (a) dHvA oscillation and (b) its FFT spectrum at high magnetic field in UAl;.
The field angle is tilted 18° from (100) to (110).

field along (100) direction. The mass of branch «a is determined as 17mg for the field
angle of 18° from (100) to (110). The present large mass is consistent with the electronic
specific heat coefficient 43 mJ/K?mol in the previous report.5!)

We also determined the Dingle temperature Tp from the field dependence of the dHvA
amplitude A, namely from the slope of InfJAH/?sinh(am*T/H)/Js(z)] vs H%, by using
eq. (4.37). Figure 5.50 shows the so-called Dingle plot. The determined Dingle tempera-
ture for branches a, § and 7 is the same value of 1.1 K. We can estimate the mean free
path [ by using the following formulae: Sp = ki, fikp = mlvp and | = vp7. Here, kg is
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Fig. 5.48 Angular dependence of the dHvA frequency in UAl;.

half of the caliper dimension of the spherical cross-section of the Fermi surface and vy is
Fermi velocity. The mean free path [ is 410 A for branch a, 730 A for branch 3 and 940 A

for branch ~.

All determined cyclotron mass, Dingle temperature and mean free path are summa-

rized Table 5.8

These results are compared to those of the FLAPW band calculation on the basis of
the 5f-itinerant band model. Figure 5.51 shows the theoretical angular dependence of the
dHvA frequency. The corresponding Fermi surfaces are shown in Fig. 5.52. These Fermi
surfaces are two in number. One is a band 8-hole Fermi surface centered at I" point. The
another is also a band 8-hole Fermi surface centered at R point. Both of them are closed
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Fig. 5.49 Mass plot for UAls.

50 kOe

5 10 15
1/H (x10® Oe™)

Fig. 5.50 Dingle plot for UAl3.
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Table 5.8 dHvA frequency F, cyclotron mass m?, Dingle temperature Tp and mean free
path [ for UAl;.

H // (100) H [/ (111)
F (x1070e) mi (mg) Tp(K) 1(A) F(x1070e¢) m? (mo) Tp (K) I (A)
a 1437 17t LiT 4907
B 3.67 5.8 1.1 730
¥ 1.81 3.6
¥ 172 3.2 1.1 940 vy 227 4.8 1.0 750
¢ 011 3.0

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

Fermi surfaces. Branches o and 7y in experiments are in good agreement with the results
of band calculation, although neither branch is observed around (110). This is most
likely due to the curvature factor, which is apparent in Fig. 5.52. Therefore we conclude
that branches o and v originate from the hole Fermi surfaces centered at R and I 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 v 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 3, €, ¢, ¢ and 7 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 paramagnet of YbAlj, 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.!® This modification
affects the Fermi surface because the 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 UAl; also requires the same consideration because
the UAl; is a paramagnet possessing a large «y-value and cyclotron masses.

The calculated y-value of 14.8 mJ/K?mol is a factor of 2.9 smaller than the experimen-
tal value in ref. (61). On the other hand, the calculated band masses are 6 m for branch
o and 2my for branch 7. The experimental cyclotron masses are 2.8 and 1.6 times larger
than the calculated ones. This enhancement of the cyclotron mass is consistent with that
of the «y-value.
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Fig. 5.51 Theoretical angular dependence of the dHvA frequency in UAls.
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5.6 UGa3

5.6.1 Electrical resistivity

Figure 5.53 shows the temperature dependence of the electrical resistivity p.10%110)
There is found a very small hump at Ty = 67K, and the resistivity decreases with
decreasing the temperature, following a T2-dependence below about 20K: p = py + AT?
(A =8.79 x 1072 uQ) - cm/K?), as shown in an inset of Fig. 5.53. The residual resistivity
po and the residual resistivity ratio ppr/p, are 1.20 uf2 - cm and 81, respectively. The
previous pgr/p, values were 1.7 in ref. (64) and 38 in ref. (61). The present single-crystal
sample indicates the highest quality as far as we know, although there is a report on a

polycrystal sample with prr/p, = 100.5 The overall temperature dependence of the
resistivity is the same as the previous one.51:6%71)
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Fig. 5.53 Temperature dependence of the electrical resistivity in UGag.

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 paramagnetic 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 Ty = 67 K, as shown by an arrow in an
inset of Fig. 5.54, and furthermore two anomalies are observed at T; ~ 40K and T, ~ 8 K.
These data are the same as the previous result,” although the previous experiment was
done only for the field along the (100) direction. We measured it for three typical field
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Fig. 5.54 Temperature dependence of the magnetic susceptibility in UGas.

directions. The anomaly at T; is, however, not observed for H || (111), and furthermore
the susceptibility for H || (111) has the smallest value among the three field directions.

These data simply suggest that the direction of the moments is (111). According to
the powder neutron diffraction study, uranium moments are aligned ferromagnetically in
{111} planes which are coupled antiferromagnetically to the adjacent {111} planes.” ")
From the recent study of the neutron diffraction on a UGas single crystal,™ 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 T ~ 40K and Ty = 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. 3.16.79)

5.6.3 Hall coefficient and thermoelectric power

There are no reports on the Hall coefficient Ry 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. In f-

electron systems, the Hall coefficient Ry in the paramagnetic state is represented as
follows:

Ru = Ro + 47Rg X (5.10)
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Fig. 5.55 Temperature dependence of the Hall coefficient in UGas.

or

= Ry + 47 Rg px, (5.11)

where Ry is the normal Hall coefficient related to the carrier concentration and mobility,
Rg 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 px is temperature-dependent.

When we compare the result of the Hall coefficient to those of the susceptibility and
resistivity, eq. (5.10) is not applied to the temperature dependence of the Hall coefficient
for UGas because Ry 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 px vs Ry relation. In the paramagnetic region, the Hall coefficient is found to be
proportional to px. From this relation, we can get the normal Hall coefficient Ry =
—6.0 x 10~* cm?/coul., extrapolated to 0 K, 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 Tx. The
sign is changed from positive to negative and a Rg-value of —1.0 x 1073 cm?®/coul. at
1.3K is different from the value of Ry = —6.0 x 10~*cm3/coul. estimated above. These
results indicate that the electronic states are changed and/or the scattering mechanism
is drastically changed below Tj.

The 4f-electronic properties can be well explained by the localized 4f-electron model.
In some case, the 4f-electrons hybridize significantly with conduction electrons, forming
a heavy electron system at low temperatures. On the other hand, the 3d-electrons are
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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 4f-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
coeflicient 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.’? As shown
in Fig. 5.57, the thermoelectric power decreases steeply below Ty = 67 K. The anomalies
at T} and T, 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.®® An inset indicates the T2-dependence
of the specific heat in the form of C/T. The specific heat C is well explained by the sim-
ple form of 4T + 3*T3, where the second term consists of phonon and antiferromagnetic
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Fig. 5.57 Temperature dependence of the thermoelectric power in UGas.

contributions. A v-value is obtained as 52mJ/K? - mol, which is in good agreement with
the previous result.®® The present A and 7 values are approximately consistent with the
well-known Kadowaki-Woods relation,3>!V) as shown in Fig. 5.59.
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Fig. 5.58 Temperature dependence of the specific heat in UGags.
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Fig. 5.59 Kadowaki-Woods plot including our results of UGags.

5.6.5 Magnetoresistance

To investigate the Fermi surfaces of UGaz, we measured the transverse magnetoresis-
tance. We show in Figs. 5.60 and 5.61 the angular dependence of the transverse magne-
toresistance Ap/p = {p(H) — p(0)}/p(0) and the field dependence of Ap/p for the typical
three directions, respectively. The magnetoresistance increases as H" (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, Ap/p increases as H" (1 < 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; Ap/p ~ (w,T)?, where w, (= eH/mc) is the cyclotron frequency,
m,; is the cyclotron effective mass and 7 is the scattering lifetime.

The present results directly indicate that UGag3 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. 5.60 Angular dependence of the transverse magnetoresistance in UGas.
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for one field direction.5”) The Ap/p value at 110kOe is reported to be 0.7 as shown in
Fig. 3.10, which is compared to a present large value of Ap/p = 4 at 110kOe in Fig. 5.61.
The sample in ref. (61) has pgrp/py = 38, which is compared to our high-quality sample
with ppr/pe = 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 40 mK and the corresponding fast Fourier transformation
(FFT) spectrum. There are detected three dHvA branches named o, v and § as well as
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Fig. 5.62 (a) Typical dHvA oscillation and (b) the corresponding FFT spectrum in UGags.

their harmonics. When the field is reduced and/or the field direction is tilted from (100),
branches # and € are detected clearly. These branches are shown in Fig. 5.63 by large

By using eq. (4.29), we determined the cyclotron effective mass m from the tem-
perature dependence of the dHvA amplitude A, namely from the slope of a plot of
In[A{1 — exp(—2am:T/H)}] vs T on the basis of a method of successive approximations,
as shown in Fig. 5.64. From this slope, the cyclotron mass was determined as 3.5 my for
branch «, 2.5my for branch 7 and 2.5 mg for branch & for the field along (100) direction.
Every branches possess moderately heavy masses although they are small Fermi surfaces.
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Fig. 5.63 Angular dependence of the dHvA frequency in UGags.

The cyclotron masses for the other directions are shown in Table 5.9.

We also determined the Dingle temperature from the field dependence of the dHvA
amplitude by using eq. (4.37), namely from the slope of InJAH'2sinh(am?T/H)/Jo(z)]
vs H™'. Figure 5.65 shows the so-called Dingle plot. From this slope, Tp along (100) is
obtained as 0.19 K for branch a, 0.32 K for branch v and 0.36 K for branch §. Assuming
that the cross sections are circles, we can use the following formulae of Sp = 7k2, hkp =
mgvp and | = vp7. Here, ky is half of the caliper dimension of the spherical cross-section
of the Fermi surface and vy is Fermi velocity. From above equations, we can simply
obtain the mean free path I. It is 2900 A for branch « along (100). The l-value is large,
indicating a high-quality sample. All determined Dingle temperatures and mean free
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Fig. 5.64 Mass plot for UGajs.

Table 5.9 dHvA frequency F, cyclotron mass m?, Dingle temperature Tp and mean free
path [ for UGag.

H [ (100) H || (110) H || (111)
F (x10° Oe) mg (mo) Tp (K) L (A) F (x10° Oe) m? (mo) Tp (K) I (A) F (x10° Oe) mg (mo) Tp (K)! (A)
o 631 o 791 o 752 3.5 0.29 2100
g 6.21 o 7.60 5.0 B 588
B 6.09 g 584 v 583 3.1 0.36 1700
o 5.89 3.5 0.19 2000 B 5.62 2.3 052 1500 & 3.85
v 4Tl 2.5 0.32 2100 v 5.49 € 262
& 276 2.5 0.36 1400 & 3.29 3.8 0.67 580
e 191 e 219

paths are summarized in Table 5.9

Main five branches are closed Fermi surfaces in topology, although branch 3 corre-
sponds to a nearly spherical one, and a signal of branch ¢ 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 « is about
0.9% in the fcc magnetic Brillouin zone. If the Fermi surface of UGas might consist of
the present branches, UGag could be a semimetal with a 2.5 % volume of the fcc magnetic
Brillouin zone. This speculation is not consistent with the y-value of 52mJ/K2 - mol be-
cause the electronic specific heat coefficient due to branch «, for example, is estimated
as 1.8mJ/K? - mol. The total value due to five branches is about 4-5 mJ/K? - mol, which
is by one order smaller than the «-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. 5.65 Dingle plot for UGas.

expected in the recent band calculations.5!

In Fig. 5.63, we added another branches named o/, 3’ and 4/, shown by small circles.
Characteristic features are as follows. The dHvA amplitudes of these branches are 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 angular dependence of branch o is
almost the same as that of branch a.

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 metamagnetic transition at Hy ~ 125kOe 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, v and 8, which are in principle the same as the present results.
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Fig. 5.66 (a) dHvA oscillation, (b) its FFT spectrum in the field range from 92.8 to
117kOe and (c) that in the field range from 123 to 169.5 kOe in UGag.
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5.7 UX, (X = P, As, Sb, Bi)

5.7.1 Electrical resistivity

Figure 5.67 shows the temperature dependence of the electrical resistivity in UX, (X
= P, As, Sb, Bi) for the current along [100].12%112) The resistivity decreases abruptly
below 204K in UP;, 274K in UAs,, 203K in USb, and 181 K in UBi,. These indicate
the antiferromagnetic orderings mentioned in Sec. 3.4. The values of these transition
temperatures, namely, the Néel temperatures are in good agreement with those in the
previous results.8::8%113) Qverall, the Néel temperatures of UX, are considerably high. It
is worth noting that the Néel temperatures of UX, decrease with increasing the lattice
constant except the case of UPy. This is due to the hybridization of 5f-electrons with
the conduction electrons, which is sensitive to U-U distance. UP; holds on the special
position among UX, series. Similar results are obtained in U3X4 (X = P, As, Sb, Bi).®%)
The unique feature on UP; also appears in the behavior of the resistivity below Ty. The
resistivity of UP, shows the positive curvature in the temperature range from 200 to
100 K, while the resistivities in other UX, compounds show the negative curvature.

The residual resistivities of UPy, UAs,, USb, and UBi; are pyx = 0.11 pf2 - cm,
po = 0.29pQ) - cm, p, . = 2.97pfd - cm and pysx = 2.8 ufd - cm, respectively. The
residual resistivity ratios (RRR) of UPz, UAs,, USb, and UBiy are pgr/posx = 2900,
Prr/Po = 580, prr/prax = 80 and ppr/pPosk = 22, respectively. Here we note that
the samples in UP, and UAs,, which are grown by the chemical transport method, are
whisker-shaped, while the samples in USby, and UBi, are bulk grown by the self-flux
method. These values of RRR indicate the high quality of the obtained samples and is
usually sufficient to detect the dHvA signal. In particular, the value of RRR in UP, is
extremely large, which is largest in all of the uranium compounds as far as we know.

To investigate the two-dimensionality of UX, compounds, we measured the electrical
resistivities in USby and UBi, for the current along [001]. Figure 5.68 (a) shows the
temperature dependence of the resistivity along [001] and [100] in USb,. The anisotropy
ratio Pigy/Ppos) = Pe/Pa is shown in Fig 5.68 (b). Experimental results are consistent
with the previous results.®® A large hump below Ty along [001] indicates that the two-
dimensionality in USb, 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 USb, 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 two-dimensional Fermi surfaces in the antiferromagnetic state. However,
even in the paramagnetic state, Fermi surfaces possess two-dimensionality, because the
Brillouin zone is still flat (k./k, = 0.49). The anisotropy ratio p./p, in USb, is, however,
rather small. It is usually 102-10%. 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 UX; (X = P, As, Sb,
Bi).

On the other hand, the resistivity along [001] in UBi; shows no hump below Ty, as
shown in Fig. 5.69. This result indicates that Fermi surfaces in UBi, are not reconstructed
by the antiferromagnetic ordering, since the magnetic unit cell is the same as the chemical
one, yielding no flattened magnetic Brillouin zone. The anisotropy ratio p./p, in UBij, 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 T2-dependence of the specific heat in the form of C/T. At
low temperatures, the specific heat can be simply expressed as C/T = v + GT?%. Here
we note that the UX; (X = P, As, Sb, Bi) compounds are antiferromagnets, possessing
relatively high Néel temperatures. Thus the magnetic contribution to the specific heat
is proportional to T2 at low temperatures. The electronic specific heat coefficient + is
determined as 27 mJ/K?mol for UP,, 11.7mJ/K?mol for UAs,, 26 mJ/K?mol for USb,
and 20 mJ/K?mol for UBij,, although the data for UP, are scattered. The determined
v-value of UP, is different from the previously reported 20 mJ/K?mol.®)) The v-value
of USb, is in good agreement with the previous result of 25mJ/K?mol. On the other
hand, in UAs, there is a large discrepancy between our result and the previous one of
45mJ/K?mol .3V
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Fig. 5.68 (a) Temperature dependences of the electrical resistivity along [001] and [100]
and (b) of the anisotropy ratio p[001]/ Pl1oo] = Pe /pa in USbs.
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Fig. 5.69 (a) Temperature dependences of the electrical resistivity along [001] and [100]
and (b) of the anisotropy ratio p[001]/ Plrog) = Pe /pa in UBij.
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Fig. 5.70 T2-dependence of the specific heat C in the form of C/T for UX; (X = P, As,
Sb, Bi).

5.7.3 dHvVA effect and SAH effect

We measured the SdH (Shubnikov—de Haas) effect for UAs; by using a whisker-shaped
sample and the dHvA effect for USb, and UBi; by using bulk samples.

1) Results of SdH effect in UAs,

First we show the results of UAs;.1'Y The SdH experiments were performed using
both the field-modulation and DC techniques in magnetic fields up to 130kOe and at
temperatures down to 0.4K. The current is along the [100] direction and its typical
value is 3mA. 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 a, v, 4, € and { were found in the spectrum, in addition to the harmonics, sums
and differences of the branches. All detected SAH branches have relatively small dHvA
frequencies F' (= hcSp/2me), ranging from 7.24 x 108 to 4.33 x 107 Oe. These frequencies
are proportional to the extremal (maximum or minimum) cross-sectional areas of the
Fermi surfaces Sp. 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
1/ cos f-dependence for all branches except branch ¢, where @ denotes a tilt angle. Solid
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lines for branch «, v, § and € in Fig. 5.72 show the 1/ cos#-dependence. For example,
branch a follows the 1/ cos6-dependence up to 65°. These results indicate that branch
a, v, 6 and ¢ 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

.

UAs, (a)

H //[001]
045K

T 1

130kOe I/H — 60kOe

o
Y
€
S-c 2¢e 'e+8 oa..  o+d
112¢ 2y
X / 2‘5 | a+el oy
0 5
SdH Frequency (x10’ Oe)

Fig. 5.71 (a) Typical SdH oscillation and (b) the corresponding FFT spectrum in UAss,.

Next we determined the cyclotron effective mass m?, from the temperature dependence
of the SdH amplitude by using eq. (4.29). Figure 5.73 shows the so-called mass plot. From
its slope, the cyclotron mass was determined as 2.4 my for branch a, 3.1 mg for 7, 2.1 mg
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Fig. 5.72 Angular dependence of the SdH frequencies in UAs,.

for 6, 1.2my for € and 0.34 mg for {, where my is the rest mass of an electron. The masses
are rather large because the corresponding Fermi surface sheets are not large.

We also determined the Dingle temperature Ty, (= h/27kg7) from the field dependence
of the dHvA amplitude by using eq. (4.37), where Tp is inversely proportional to the
scattering lifetime of the conduction electrons 7. Figure 5.74 shows the so-called Dingle
plot. From its slope, the Dingle temperature was determined as 3.2 K for branch «, 1.5 K
for v, 1.4K for 4, 2.3K for € and 8.6 K for (. From the simple relations:

Sp = mkg?, (5.12)
hkp = mivgp (5.13)
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Fig. 5.73 Mass plot for UAss.

Table 5.10 SdH frequency F and the cyclotron mass m?, the Dingle temperature Tp and
the mean free path ! at H || {001] for UAs,.

branch F (x10°0Oe) m? (mp) Tp (K) 1 (A)

o 42.3 24 3.2 660
¥ 19.8 3.1 1.5 730
) 15.0 2.1 1.4 1000
€ 11.1 1.2 2.3 910
¢ 7.2 0.34 8.6 720
and
[ = vpT, (5.14)

where kr is a half of the caliper dimension of Sy and v is Fermi velocity, we can estimate
the mean free path I. It is 660 A for branch o, 730 A for +, 1000 A for §, 910 A for ¢ and

720 A for C.
Fermi surface properties in UAs, are summarized in Table 5.10.

2) Results of dHvVA effect in USb,

Next we show the results of the dHvA effect in USb,.!'2 The dHvA experiments were
carried out by a conventional field modulation method, in magnetic fields up to 170 kOe
and at temperatures down to 30 mK. 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 UAs,.

dHvA branches named here a, v, § and € were found in the spectrum, in addition to
the harmonics, sums and differences of the branches. All branches in USb, are roughly
consistent with those in UAs,, although branch { observed in UAs; does not appears in
USbs. The detected dHVA frequencies in USbs are slightly smaller than the corresponding
SdH frequency in UAs,. For example, the value of frequency, which is proportional to
cross sectional-area of Fermi surface, for branch « in USb, is 88 % for that in UAs,. This
is due to the smaller Brillouin zone in USb,, whose area, perpendicular to [001] direction,
is ko2 = 2.163 x 108 cm2, while the area in UAs, is k.2 = 2.525 x 10 cm~2. Thus
the area of Brillouin zone in USb, is 88 % smaller than that in UAs,, which is in good
agreement with the reduction of the frequency in USbs.

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 USb,. It follows the 1/ cos6-
dependence for branch «, 7, § and €. Solid lines for these branches in Fig. 5.76 show
the 1/ cosf-dependence. These results indicate that branch «, v, § and ¢ originate from
cylindrical Fermi surfaces. Surprisingly, branch ¢ follows the 1/ cosf#-dependence up to
83.5°, showing a nearly complete cylindrical Fermi surface. From this result, we can
conclude that the Fermi surfaces in USb, are almost the same as those in UAs,. 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 100 kOe with increasing the
magnetic field.
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Fig. 5.75 (a) Typical dHvA oscillation and (b) the corresponding FFT spectrum in USb,.

Next we determined the cyclotron effective mass m?, from the temperature dependence
of the dHvVA amplitude by using eq. (4.29). Figure 5.78 shows the so-called mass plot
for the field along [001]. From its slope, the cyclotron mass was determined as 3.78 mq
for branch «, 6.01 mg for 7, 3.83 mg for § and 1.96 mg for €. The masses are rather large
because the corresponding Fermi surface sheets are not large. Here we note that the mass
of branch « is almost the same as that of branch §. We also determined the cyclotron
mass for the branch of 2.3 x 107 Oe along [100]. The detected cyclotron mass is 31 my,
which is exceptionally large compared to the cyclotron mass along [001].
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Fig. 5.76 Angular dependence of the dHvA frequencies in USb,.

Next we determined the Dingle temperature Ty, (= h/27kg7) from the field dependence
of the dHvA amplitude, by using eq. (4.37). Figure 5.79 shows the so-called Dingle plot.
From its slope, the Dingle temperature was determined as 0.45 K for branch «, 0.24 K for
7, 0.35 K for 4 and 0.54 K for €. From the simple relations mentioned in egs. (5.12)—(5.14),
we can estimate the mean free path I. It is 2900 A for branch «, 2300 A for ~, 2000 A for
& and 2000 A for . These indicate the high quality of the sample.

Fermi surface properties in USb, are summarized in Table 5.11.
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Fig. 5.77 (a) Typical dHvA oscillation and (b) the corresponding FFT spectrum around

[100] direction in UShb,.

Results of dHvVA effect in UBi,

We show the results of the dHvA effect in UBi;,. The dHvA experiments in UBi,
were carried out under the same condition as in USb,. A typical dHvA oscillation for the
field along [001] direction and its fast Fourier transformation (FFT) spectrum are shown
in Fig 5.80. Two fundamental dHvA branches named here a and 8 were found in the
spectrum, in addition to the harmonics, sums and differences of the branches. Branch
(' originates from the same Fermi surface as in branch 3, as mentioned below. We also
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Fig. 5.79 Dingle plot for USb,.

128




Table 5.11 dHvA frequency F and the cyclotron mass m?, the Dingle temperature Tp
and the mean free path [ for USb,.

branch F (x10°0e) mf (mg) Tp (K) [ (A)

H | [o01]
o 38.2 3.78 045 2900
v 17.8 601 024 2300
8 12.2 383 035 2000
£ 7.56 196 054 2000
H || [100]

23.3 31

show in Fig. 5.81 the dHvA oscillation and its FFT spectrum for the field along [100].
Although branch 3 is not observed, branch « 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 UBi,. It follows the 1 / cos 6-
dependence for branch § or #' up to 81°. A Solid line for these branches in Fig. 5.82
shows the 1/ cos f-dependence. These results indicate that branch 8 or @’ originates from
cylindrical Fermi surfaces. Split branches § and (' along [001] degenerate around 23°.
Therefore branches § and ' 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 reasons 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 # and
B', branch o is almost constant against the field angle. This indicates that branch «
originates from a spherical Fermi surface. Anyway, the results of angular dependence
in UBi; is highly different from those in USby and UAs,, although branch # in UBi,
corresponds to the cylindrical Fermi surfaces. It is interesting that the cylindrical Fermi
surface is formed in the non-flattened magnetic Brillouin zone of UBi5.

Next we determined the cyclotron effective mass m?, from the temperature dependence
of the dHvA amplitude by using eq. (4.29) Figure 5.83 shows the so-called mass plot for the
field along [001]. From its slope, the cyclotron mass was determined as 9.2 mq for branch
a, 6.3mg for B’ and 4.4 my for 5. The masses are rather large because the corresponding
Fermi surface sheets are not large in volume.

Next we determined the Dingle temperature T, (= h/2wkpT) from the field dependence
of the dHvA amplitude, by using eq. (4.37). Figure 5.79 shows the so-called Dingle plot.
From its slope, the Dingle temperature was determined as 0.11 K for branch o and 0.17K
for 3. From the simple relations mentioned in egs. (5.12)-(5.14), we can estimate the
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Fig. 5.80 (a) Typical dHvA oscillation and (b) the corresponding FFT spectrum for the
field along [001]} in UBi,.

mean free path I. It is 4600 A for branch « and 3100 A for 8. These indicate the high
quality of the sample.
Fermi surface properties in UBi; are summarized in Table 5.11.

5.7.4 Magnetoresistance

To study the two-dimensional Fermi surface in USby, we measured the magnetoresis-
tance in magnetic fields up to 170kOe and at temperatures down to 40 mK. The current
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Fig. 5.81 (a) Typical dHvA oscillation and (b) the corresponding FFT spectrum for the
field along [100] in UBi,.

Table 5.12 dHvA frequency F and the cyclotron mass m?, the Dingle temperature Tp
and the mean free path ! at H || [001] for UBi,.

branch F (x1080e) m? (mg) 1Ip (K) (&)

a 33.6 9.2 0.11 4600
o4 10.0 6.3
B 9.10 4.4 0.17 3100
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Fig. 5.82 Angular dependence of the dHvA frequencies in UBi5.

was directed along the [001] direction and the sample was rotated from H | [001] to
H || [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 Ap/p is defined as Ap/p =
(p(H)—p(0))/p(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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Fig. 5.84 Dingle plot for UBis.
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Furthermore, 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). Fundamental branches a, v, § and ¢ 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 SAH 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 170 kOe
in USb,. The Ap/p 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), so-called Yamayji effect, is observed in USb,, 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
USb,. Measurements (a) by the usual DC method and (b) by sweeping the field
continuously under constant current.
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Fig. 5.86 FFT spectra derived from the SdH oscillations in USbg
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Fig. 5.87 Angular dependence of the magnetoresistance in USbs.
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5.7.5 Discussion on Fermi surface properties

Before discussing the electronic nature of 5f electrons in UX,, we will first describe
the general properties of 3d or 4f electron system.

The 3d-electrons are 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 4f-electron properties can be well explained by the localized 4f-
electron model. In some cases, the 4f-electrons hybridize significantly with the conduction
electrons, forming a heavy electron system at low temperatures. Namely, the 4f-levels of
the Ce3* ion at high temperatures are generally split into three doublets because the 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 4f-levels or the magnetic specific heat Cy, is changed into the electronic
specific heat T via the many-body Kondo effect as follows:

Tk C
Rln2= / —dT, (5.15)
o T

Cm =1T. (5.16)

The value of 4 can be obtained as

4
_ R;,nz ~ 31_?— (mJ/K2mol). (5.17)
K K

In fact, this value is 1600 mJ/K?mol for Tx = 5K in CeCug and 350 mJ/K?mol for
TK = 20K in CGRUQSiQ.
In many aspects, however, the f-electron nature in the uranium compounds is different

from that in the rare earth compounds. For example, the magnetic susceptibility of USb,
follows the Curie-Weiss law with the effective magnetic moment of y g = 3.04 ug/U in the
temperature range from 220 to 400 K.1'% The ordered moment is, however, 1.88 pg/U.
This value can be compared to 3 ug/U in a ferromagnetic compound UGa,, where the
5f electrons are considered to be localized. The 5f electrons have an intermediate char-
acter between the 3d and 4f electrons, and their nature is dual: partially itinerant and
partially localized. The determined ~y-value of UAsy, USb, and UBiy are 11.7 mJ/K?mol,
26 mJ/K?mol and 20 mJ/K?mol, respectively, which is not small because the detected
Fermi surfaces have small volume. In fact, the cyclotron mass along [001] in UAs,, USb,
and UBI; is in the range from 2.0 to 9.2mq. This large cyclotron mass thus originates
from the contribution of 5f-electrons.

UBIi,

Next we discuss the Fermi surfaces of UBi;. UBIi; could be a good reference to consider
the Fermi surface properties of USb, or UAs,, because the magnetic Brillouin zone in
UBi; is not flattened but the same as the chemical one in the antiferromagnetic state.
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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 # and a spherical one named branch a. 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 UBiy, UBi; is a compensated metal with equal carrier numbers of electrons and holes.
Thus if we assume that there are one spherical Fermi surface from electrons and two
cylindrical Fermi surfaces from holes in the magnetic Brillouin zone, the number of carrier
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 UBi; 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 same magnetic Brillouin
zone.

Furthermore we calculated the y-value from these Fermi surfaces, using egs. (4.32) and
(4.36). The estimated ~-values from branches a and 3 are 7, = 8.1 mJ/K?mol and 73 =
4.9mJ/K?mol, respectively. Thus the total y-value is Yotal = Yo + 275 = 17.9 mJ/K?mol,
which is in good agreement with 20 mJ/K?mol determined from the specific heat mea-
surements.

Let us now consider the two-dimensionality of the Fermi surface in UBiy. As is appar-
ent from the electrical resistivity shown in Fig. 5.69, two-dimensionality of the conduction
electron is strong. This is confirmed by our dHvA experiments indicating the cylinder
Fermi 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 CePtP, where the hexag-
onal crystal structure has the similar sequence of the Ce- and (Pt-As)-basal planes.!1®
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 mg in CePtAs and 0.34 to 0.80 mg in CePtP, for the similar mag-
nitude of dHvA frequencies as in UBi,. The cyclotron mass in USb, is, however, large. It
is thus concluded that the 5f electrons become itinerant, contributing to the conduction
band. The conduction electrons are thus due to 5f, 6d and 7s electrons in the U-plane. It
is expected that these conductive U-planes are separated by the non-conductive Bi-planes,
bringing about the two-dimensional character. It is interesting that the cylindrical Fermi
surface exists in UBIi,, although the antiferromagnetic ordering in UBi, does not induce
the flattened magnetic Brillouin zone as in USb,, 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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Fig. 5.88 Schematic magnetic Brillouin zone and the Fermi surfaces (a) for branches
and 3 in UBiy (b) for branches a, v, § and € in USbs,.

140



USb,

On the contrary to UBiy, the flattened magnetic Brillouin zone is realized in the
antiferromagnetic state on USby, while the Brillouin zone in the paramagnetic state is
the same as that in UBi,. Hence, it is expected that the base of the Fermi surface in
USb, is the same as that in UBi; in the paramagnetic state, althoguh it is modified due
to the magnetic Brillouin zone. From the angular dependence of the dHvA frequency
in Fig. 5.76, it is clarified that all Fermi surfaces consist of cylinder ones in USbs. The
detected cylinder Fermi surfaces occupy in the magnetic Brillouin zone 16.84 % for branch
a, 7.85 % for branch «, 5.40 % for branch & and 3.33 % for branch €. As the magnetic unit
cell contains the four molecules of USb,, shown in Fig. 3.20 (a), USb; 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 «,
one electron-Fermi surface from branch 9,
two hole-Fermi surfaces from branch v and
two hole-Fermi surfaces from branch ¢.

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 USb, 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.

Furthermore we calculated the electronic specific coefficient v from these Fermi sur-
faces, using eq. (4.36). The estimated y-values are v, = 3.4 mJ/K?mol, v, = 5.4 mJ/K?mol,
vs = 3.4mJ/K?mol and 7. = 1.8 mJ/K?mol. Thus the total v-value is Viota1 = Ya + V5 +
27, + 27, = 21.2mJ/K?mol, which is roughly in good agreement with 26 mJ/K?mol de-
termined from the specific heat measurements.

Next we will discuss the two-dimensionality of the Fermi surface in USb,. Two reasons
can be considered for this two-dimensionality in USb,. 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 UBi, as discussed above.
Moreover, the 5f electrons in USb, 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 Sb-planes, bringing about the
two-dimensional character. Second reason for two-dimensionality 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 (T||T) 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 USb, and UBi,.
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Let us now consider changes of Fermi surfaces systematically from UBi, to USb, in
the antiferromagnetic state. Figure 5.89 shows the scheme of these Fermi surfaces, when
viewed from the [100] direction.

The Fermi surfaces of UBi, in the paramagnetic or antiferromagnetic state are the
spherical one named o as shown in Fig. 5.89 (a), and the cylindrical one named 3 as
shown in Fig. 5.89 (b).

In the paramagnetic state, the Fermi surfaces of USb, are fundamentally the same as
those of UBiy, because the Brillouin zone in USb, is not flattened but almost the same
as that in UBi,. Figure 5.89 (c), (e) and (f) show the Fermi surfaces of USb, 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 UBiy, is a cylindrical Fermi surface,
although it is strongly corrugated. This is because the spherical Fermi surface o in
UBi; 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 «, 4,
~ and €. We note that these Fermi surfaces in the paramagnetic state are not observed
experimentally due to the high Néel temperature of 203 K.

When USb, 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 USbs 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 « and 4, forming cylindrical Fermi surfaces. Simul-
taneously the Fermi surface in Fig. 5.89 (e) also splits into two Fermi surfaces, named 7
and €, forming cylindrical Fermi surfaces. The difference of the dHvA frequencies between
a and 4§ is large, reflecting the strongly corrugated Fermi surface in Fig. 5.89 (e). On the
other hand, the difference between v and € 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 two-dimensionality on the conduction
electrons. This is supported by the fact that the electrical resistivity along [001] in USb,
displays a large hump below the Néel temperature, as shown in Fig. 5.68 (a), while the
resistivity along [001] in UBi; shows no hump, as shown in Fig. 5.69 (a).

Finally we will give an interpretation on the magnetoresistance in USbs. 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
k-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 SroRuOy,

which possess the cylindrical Fermi surfaces.!16:117)
UBi2 USb2 USba
(Para. or AF) (Para.) (AF)
13
o |——_—..> |==> o
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Magnetic Breakthrough
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Fig. 5.89 Scheme of the Fermi surfaces in UBiz and USby viewed from [100] direction.
Figures (a) and (b) show the Fermi surfaces of UBi; in the paramagnetic and/or
antiferromagnetic state. Figures (c), (d), (e) and (f) show the Fermi surfaces of
USbg in the paramagnetic state. Figures (g) and (h) show the Fermi surfaces
of USbs in the antiferromagnetic state.

Magnetic breakthrough in USb,

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 fw. between
Landau levels becomes comparable to or greater than the energy gap £,.!'® Namely,

H
eh S A (5.18)
mzc
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Fig. 5.90 Orbit circulating along a belly part of the Fermi surface

In reality, the criterion for magnetic breakthrough is much milder as

€ﬁH0
mgc

= fuwe R €, /€, (5.19)

where ey is the Fermi energy.!'?

95)

Furthermore, The probability P of the magnetic break-
through can be expressed as

P = exp(—Hy/H), (5.20)

where Hj 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 v and €. The area encircled by the magnetic breakthrough orbit is 2.24 x
10" cm™2 along the [100] direction, which is obtained from the simple relation of S =
2rmeF/hc. 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 2kgpk,, where kp is a radius of the
cylinder Fermi surface, and k. is the length of the magnetic Brillouin zone along [001],
namely, equal to (27/c)/2 (c: lattice constant). The sum of the areas from branches v
and £ is 2.76 x 10" 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
~ and €.

To explain the magnetic breakthrough orbit from « and &, we consider that the break-
through effect occurs 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 < orbit to € 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 USb,. 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 USb, 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  and € 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 31mg 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 Fermi surface « is 2.33 x 10" cm™! (= a), which cor-
responds to the radius of the ellipsoid cross sectional area. The area of the magnetic
breakthrough is 2.24 x 10'®cm~2. Thus the another radius of the ellipsoid cross sec-
tional area is obtained as 3.07 x 10" cm™! (= ¢). Since the detected cyclotron mass for
branch v along [001] is 6.01 mg (= m?,), the cyclotron mass along [100] is estimated as
mgy X wac/ma® = 7.9mg. This value is different far from the detected cyclotron mass of
31myg. 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 R}, to the Lifshitz—Kosevich formulae in egs. (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 R}, as
Ry, ox exp(—Hp/H), (5.21)
where H, is the breakthrough field, defined in eq. (5.18) or (5.19). To simplify the

discussion, we use the eq. (5.18). Therefore, the reduction factor Ry, can be rewritten as

Ry, x exp <——,6%:-) , (5.22)

Cc

We add this reduction factor Ry, to the Lifshitz—Kosevich formulae in egs. (4.22)—(4.26).
Thus the dHvA amplitude A is simply described as

Ax RTRDRb (5.24)

~ exp —%(aT + B+ aTp)|, (5.25)
2m2ckg

=—0 (5.26)

In the above equations, the temperature T is not included except the reduction factor
Rr, so that the mass enhancement is not caused by the magnetic breakthrough effect.
Actually, on the normal magnetic breakthrough, the factor R, is independent of temper-
ature, as pointed out by Shoenberg.®® Our detected magnetic breakthrough, however,
originates from passing through the antiferromagnetic gap €. Therefore, it is natural to
consider that this antiferromagnetic gap possesses the field- and temperature-dependence.
Hence, we assume the effective antiferromagnetic gap Eg 85

e = €go + Ae(T, H), (5.27)
where Ae(T, H) is an additional energy gap dependent on temperature and field. This

additional energy gap is expected to become smaller with increasing the field, because the
antiferromagnetic state at high fields is close to the field-induced paramagnetic state. Fur-
thermore, when the temperature is lower, the additional gap becomes smaller, because the
scattering of carriers caused by the temperature is suppressed. Therefore, the additional
energy gap is simply written as Agg(T, H) = yT/H. The effective antiferromagnetic gap
£g is

Eg = Ego + (5.28)

‘E.
Here we note that the constant v is extremely small. At the sufficiently high field, namely
Hy, the effective antiferromagnetic gap ¢ is almost the same as the original one 4. Then,

eq. (5.23) is modified as
c T
B* = 7 (690 + ’y-I—{—) (5.29)

T
= o+ (5.30)
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Therefore, the dHvA amplitude A is given by

A ~ exp [—T;? (T + 0+ aTD)] (5.31)
=exp{—72’: [(a+7—;)T+ﬂo+aTD]} (5.32)

The mass is generally determined from the temperature dependence of the dHvA
amplitude, namely the slope —am?/H of a mass plot. In the above equation of the
magnetic breakthrough effect, —(a + vg/H)m?2/H is substituted for —am?/H as the
slope of a mass plot. Therefore, the cyclotron mass of the magnetic breakthrough m?, is

m, = (1 + ﬁ;%) me. (5.33)
Here we note that m;, does not reflect the real cyclotron mass m} but the dressed one.

Let us now return to our detected cyclotron mass of the breakthrough. As mentioned
above, the detected mass 31 my for the breakthrough is not the real cyclotron mass but the
apparent one. This is supported by the field dependence of the cyclotron mass. 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 38 mg at 110kOe decreases with increasing the field
and reaches 30mg at 160kOe. 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 H.. Although
there is no report of H, in USb,, we can roughly estimate H, to be 3000 kOe from the Néel
temperature of 203 K. Therefore, at about 3000 kOe, the cyclotron mass is expected to be
a normal value of 7.9 my 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 mg at 3000 kOe. This value is fairly
comparable to 7.9 mg 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 mg 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
field dependence of the cyclotron mass. The field direction is tilted 9° from
[100] to [110]. The error bar is statistical one from the fitting of the mass plot.

UA82

It is very easy to understand the results of UAs;, because the obtained results and the
magnetic unit cell in UAs, is similar to or the same as those in USb, except the magnetic
breakthrough in USb,.

From the angular dependence of the dHvA frequency in Fig. 5.72, it is clarified that
all Fermi surfaces consist of cylindrical Fermi surfaces in UAs; except branch (. The
detected cylinder Fermi surfaces occupy in the magnetic Brillouin 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, 7.48% for branch v, 5.65% for branch § and 4.57% for branch €. As the magnetic
unit cell contains four molecules of UAs,, shown in Fig. 3.20 (a), UAs;, 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 a,
one electron-Fermi surface from branch 4,
two hole-Fermi surfaces from branch v and
two hole-Fermi surfaces from branch .

On this assumption, electron-Fermi surfaces occupy 22.5, % and hole-Fermi surfaces oc-
cupy 24.1%, showing well compensated. The magnetic Brillouin zone and the Fermi
surfaces in UAs, from this speculation is almost the same as that in USb,, 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 area occupied by
branch ( is a negligibly small value. Thus branch ¢ most likely forms a small pocket Fermi
surface, which causes the magnetic breakthrough in USb,, as shown in Fig. 5.89

Furthermore we calculated the electronic specific coefficient 7y from these Fermi sur-
faces, using eq. (4.36). The estimated y-values are v, = 1.9 mJ/K?mol, v, = 2.4 mJ/K?mol,
vs = 1.6 mJ/K?mol and 7. = 0.9mJ/K?*mol. Thus the total y-value is Yiotal = Yo + V5 +
27, + 27, = 10.1 mJ/K?mol, which is in good agreement with 11.7 mJ/K?mol determined
from the specific heat measurements.
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5.8 UCdll

Figure 5.93 shows the temperature dependence of the electrical resistivity p, magnetic
susceptibility x and specific heat C' at low temperatures.'?® The resistivity decreases
rather steeply below 5.5 K and has a shoulder around 2K, 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 1.7K, as shown in Fig. 5.93 (c). The latter transition
corresponds to the broad shoulder at 3-4K reported previously.?® We note that the
resistivities at 1.3 K and room temperature are 7.6 and 70 uf2 - cm. The value of ppr/p,
is about 9, which is larger than 2.6 in the previous report, indicating a higher-quality
sample.’)) This might be reflected as a sharp peak at 1.7 K in the specific heat.

Next the high-field magnetization measurements were carried out. Figure 5.94 shows
typical magnetization curves at 1.4, 6 and 20 K. A small step-like metamagnetic transition
at 1.4 K occurs at 9T and a slope of the magnetization curve changes around 20 T. These
transitions are more clearly reflected in the corresponding dM/dH curve, as shown in
an inset. The first metamagnetic transition at 9T is unchanged with increasing the
temperature and disappears above 4.2 K. The high-field anomaly at 20 T shifts to a lower
field with increasing the temperature. Two metamagnetic transitions are qualitatively
the same as the recent result, which occurs at 6 and 16 T as mentioned in Sec. 3.5V

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 1.7K in zero field. The transition temperature is almost unchanged in mag-
netic fields less than 7T 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 shown by solid circles, open squares, solid squares and open triangles in Fig. 5.96
are the results of low-field commercial SQUID-magnetization, capacitance, specific heat
and AC susceptibility measurements. The antiferromagnetic phase diagram is very com-
plicated, although UCdy;; is cubic in the crystal structure.

The change of the slope at about 20 T in the magnetization curve is interesting. The
magnetization at 20T is 1.1 ug/U at 1.4 K, but increases monotonously with increasing
the field. This result suggests that the magnetic moment is about 1 y5/U in the antifer-
romagnetic state.

We note that the value of magnetization at the first metamagnetic transition, 0.5 pug/U,
is half of the magnetic moment. If we neglect a gradual increase of the magnetization
at higher fields than 20T, a simple speculation for the metamagnetic transition at 9T
in Fig. 5.94 is as follows. One local 5f-electron moment parallel to the magnetic field,

150



20

’é\ R
S 10k
g
= I

O N N N | 1
= 3.5 . —
o)
g I
E L
c;" (b)
=
el i
= 3.0 :

15 . e T — :
g 10r-
S
&
-
O St

0

0

Temperature (K)

Fig. 5.93 Temperature dependence of (a) the electrical resistivity, (b) magnetic suscepti-
bility and (c) specific heat in UCd;;.

151



2F UCd,, 14K -
_ H// <100> 6 K
Em
3 20K -
g
g !
2 1l ~1 ¥ -
> 3
p= = '
! 8
% 14K
0 10 20 30 T
O s N 1 L 1 N
0 50
Magnetic Field (T)

Fig. 5.94 Magnetization curves in UCd;;. The inset shows the dM/dH curve at 1.4K.

namely along (100) is flopped by 45° and the corresponding antiferromagnetic moment
by 135°. Both local moments are directed gradually for the field direction with increasing
the magnetic field and saturates around 20 T.
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Chapter 6 Summary

We grew high-quality single crystals of RPbs (R = Pr, Sm, Eu, Gd, Yb), Yblns, UAlj,
UGas, UX; (X = P, As, Sb, Bi) and UCd;;. The Fermi surface properties, magnetic and
transport properties were studied for these compounds. OQOur experimental results are
summarized as follows:

PI‘Pb3

(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-f
reference compound of LaPbjs.

(3) The cyclotron effective mass of branch v increases with decreasing the temperature
below 1 K, while the mass of branch é has no appreciable temperature dependence.

(4) Metamagnetic transition occurs at about 70kOe below 0.6 K. The critical field is
almost constant against the temperature.

(5) This transition and mass enhancement are closely related to the antiferroquadrupo-
lar ordering which occurs below 0.4 K.

YbPb; and EuPb;

(1) The detected Fermi surfaces of YbPb; are three in number. These are highly dif-
ferent from those of LaPb; due to Yb divalent.

(2) The detected Fermi surfaces of YbPbs are explained by the results of FLAPW band
calculations. YbPb; is a compensated metal with equal carrier numbers of electrons
and holes. The cyclotron mass is light, ranging from 0.21 to 0.61 my.

(3) Branch a of an antiferromagnetic compound EuPbs; is in good agreement with that
of YbPbsz, which can be seen by the magnetic breakthrough effect. The other
branches with lower dHvA frequencies are antiferromagnetic Fermi surfaces, most
likely produced by the band folding procedure in a small magnetic Brillouin zone.

(4) EuPb; 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 two-sublattice model from the
high-field magnetization.
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(1) Branches a of both compounds are in fairly good agreement with that of LaPbs.
These are observed by the magnetic breakthrough effect. The other branches are
different from those of LaPbj, due the small antiferromagnetic Brillouin zone.

(2) The cyclotron mass is in the range from 0.23 to 1.4 mg for SmPbs, indicating no
mass enhancement. The mass for GdPb; is in the range from 0.61 to 1.6 my.

YblIng

(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 1.3 my.

(2) The experimental results are in excellent agreement with the result of FLAPW band
calculations.

(3) YblIn; is a divalent metal and the 4f levels are far below the Fermi level.

UAl;

(1) Three main dHvA branches and other small branches are detected. Among them,
main branches o and 7y correspond to the closed Fermi surfaces and are well ex-
plained by the results of FLAPW band calculations under the assumption that 5f
electrons in the U atom are itinerant.

(2) The cyclotron mass is in the range from 3 to 17 my, suggesting the strong 5f hy-
bridization with the conduction electrons

UGa3

(1) Electronic states and/or the scattering mechanism are drastically changed below
Tnx = 67K, which are reflected in the Hall coefficient and thermoelectric power as
well as the electrical resistivity and magnetic susceptibility.

(2) Two anomalies at Ty ~ 40 K and T> ~ 8 K, 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 UGas is a compensated metal with equal carrier
numbers of electrons and holes and Fermi surfaces consist of closed ones.

(4) We detected five dHvA branches with small closed Fermi surfaces. For example,
branch «, which is the largest Fermi surface among them, occupies 0.9 % of the
volume in the magnetic fcc Brillouin zone. The cyclotron mass is moderately large
3.5my for (100) 5.0mg for (111). The mean free path is long, 2900 A, indicating a
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high-quality sample. Besides five Fermi surfaces mentioned above, another larger
closed Fermi surfaces with much larger masses should exist to explain the y-value
of 52mJ/K?mol.

(5) All detected mass is relatively large, ranging from 2.3 to 5.0 my.

UX, (X = P, As, Sb, Bi)

(1) High-quality single crystals were grown by the self-flux method for USb, and UBij,
and by the chemical transport method for UP; and UAs,. In particular, the residual
resistivity ratio of UP; is 2900, which is the highest value in the uranium compounds
as far as we know.

(2) The Fermi surfaces of UBij consist of a spherical one and a cylindrical one.

(3) The Fermi surfaces of USb, are four cylindrical ones. Two Fermi surfaces originate
from the spherical Fermi surfaces in UBiy and another two Fermi surfaces from the
cylindrical ones in UBi;. The Fermi surfaces of UAs, are the same as those of USbs.

(4) The two-dimensional character of Fermi surfaces on these compounds is due to the
conduction electrons in the U-plane, including the 5f electrons. The itinerant nature
of 5f-electrons is reflected to the large cyclotron masses.

(5) Another reason for the two-dimensionality on USb, and UAs; is a flattened magnetic
Brillouin zone caused by the antiferromagnetic (1]]1) sequence.

(6) The dHvA branch was observed between [100] and [110] in USb,, which is due to
the magnetic breakthrough effect. This branch originates from branches é and ¢.

(7) The detected large mass in USb, 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) UAs,, USb; and UBIi; are 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 UAs,, USb, and UBi, are consistent with the corresponding
specific heats.

UCdy;
(1) The another transition at 1.7 K was found below the Néel 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 are as follows.

UAl;

Ratio of starting materials
U:Al = 4:96 (at %)

9‘7 wi% 9'!
o~ 2.6567 : 7.2569 (g)
Growing process
Rate Target
(°C/h) Y]
1. 153 640
2. 34 1050 <
3. O (keep for 24h) 1050 N
4. 04 900 N ..
5 05 750 .
Total time = 715 h ~ 30days ﬁ(
*To prevent growth of UAly, the power was cut at 750°K. (»;-U)J(
Results
Cubic shape (5 X 7 x 7mm?) - -
- U}
pRT/pO 88 e i )
et}
UGa3 ] UT__:@B ™ W Was b
Ratio of starting materials
U:Ga = 6.8:93.2 (at %) 2 & ®  sux
~ 3.4068 : 13.6415 (g) T
Growing process ~=_ T
Rate Target Rl
(°C/h) (°C) O
1. 28 1040 X
2. 0 (keep for 72h) 1040 - "‘_"_P
3. 04 950 LI Tl
4. 06 850 P
5 0.8 750 o, Lot
6. 1.0 650 o
7. 1.5 550
8. 5.0 450
9. 15 100 W W M 0 wax v
Total time — 835 h ~ 35 days '
Results
Cubic shape (5 x 6 x 6 mm?)
Prr/Po = 80
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UIH3

Ratio of starting materials
U:In = 10: 90
~ 2.5845 : 11.2208
Growing process

Rate Target

(°C/h) (°C)
1. 40 150
2. 30 1050
3. 0 (keep for 48h) 1050
4. 08 800
5 1.2 700
6. 20 600
7. 5.0 500
8 10 400
9. 15 140

Total time = 574 h ~ 24 days
Results

Cubic shape (1 X 1 x 1 mm3)
Prr/Po = 130

USn3

Ratio of starting materials
U:Sn = 6.8:93.2
~ 1.0191 : 13.5400
Growing process

Rate Target

(°C/h) cC)
1. 28 1020
2. 0 (keep for 72h) 1020
3. 04 910
4. 0.5 860
5 0.7 800
6. 1.5 700
7. 25 600
8. 10 300
9. 20 200

Total time = 680 h ~ 28 days
Results

Cubic shape (2 X 2 x 2mm?)

Prr/Po = 49 (no superconducting of Sn)

(at %)
(g)

(at %)
(g)
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Phase diagram is unknown.
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UPb;

Ratio of starting materials

U:Pb = 24:976 (at %) ookl " Two n.'mléK : 3 T
= 0.7759: 27.5000 (g) ' s, e
Growing process 5
Rate Target € 0o
(°C/h) (°C) g 1030 %
1. 90 300 S smx iy
g' 3(2) keep for 72h }3;8 S il 5 | sse +
4 0.:(’. oop for T21) 900 soor E
5. 0.4 800 ol i
g- 8-g g% ST % 4% W B W % % R
8. 2.0 400 LEAD(ot.%)
9. 5.0 300
Total time = 1314 h ~ 55 days
Results
Cubic shape (1 x 1 x 1 mm?)
Prr/ P = 43
USb,
Ratio of starting materials —
U:Sb = 65:935 (at %) I N S R N
~ 2.2900 : 16.8382 (g) Kl s-u
Growing process m’ ..
Rate Target m - T~
(°C/h) (°C) / N
1. 30 600 1 / o N
2. 98 1070 - e = AN
3. 0 (keep for 48h) 1070 [} e
4. 04 950 o e -
5. 06 850 -
6. 08 750 o] ]
7. 10 600 - =
8 10 100 o Tt~
Total time = 907 h ~ 38 days Fw o]
Reszdts me 4 ; L] 0 ] N 8 80 at% U

Plate shape (10 x 10 x 5 mm?)
prr/po =80 (J || [100])
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UBi,

Ratio of starting materials
U:Bi = 11.9: 88.1 (at %)
~  3.1222: 20.2925 (g)
Growing process

Rate Target

(°C/h) (°C)
1 110 360
2 13 980
3 0 (keep for 72h) 980
4 0.5 950
5. 04 850
6. 0.5 700
7 0.7 600
8 1.0 500
9. 1.5 400
10. 10 250
Total time = 1058 h ~ 44 days

Results
Plate shape (6 x 6 x 2mm?3)

PRT/PO =180 (J | [001])

UCdy;

Ratio of starting materials
U:Cd = 08:992 (at%)
~ 1.68:98.32 (g)
Growing process

Rate Target

(°C/h) (°C)
1. 90 300
2. 24 470
3. 0 (keep for 240h) 470
3. 03 370
4. 04 310
5. 10 100
Total time = 786 h ~ 33 days

Results

Cubic shape (10 x 10 x 10 mm?®)
Prr/Posx = 16
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Uang

Ratio of starting materials

U:Zn

~J

1.0: 99.0

Growing process

(at %)

0.6253 : 16.9676 (g)

Rate Target

(°C/h) (°C)
1. 100 400
2. 5.0 760
3. 0 (keep for 120h) 760
3. 0.3 630
4. 0.5 550
5. 1.0 450
6. 2.0 400
7. 5.0 300
8 10 100

Total time = 954 h ~ 40 days

Results

Hexagonal shape (4 X 1.4 x 1.4 mm3)
Prr/Pr3k = 4.3

PrPb;
Ratio of starting materials
Pr:Pb = 7.0:93.0 (at %)
~ 0.7542: 14.7370 (g)
Growing process
Rate Target
(°C/h) 0
1. 54 300
2. 25 900
3. 0 (keep for 48h) 900
3. 1.0 860
4. 0.3 800
5. 04 700
6. 0.5 650
7. 0.6 600
8. 1.0 550
9. 2.0 500
10. 5.0 400
11. 15 250

Total time = 855 h ~ 36 days

Results

Cubic shape (1.4 x 1.4 x 1.4mm?)
Prr/Psk = 9.9
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EuPb;

Ratio of starting materials

Eu: Pb = 194: 806
~ 2.0093: 113795 (g)

Growing process

(at %)

Rate Target
(°C/h) Y
1. 50 300
2. 20 790
3. 0 (keep for 24h) 790
3. 2.0 750
4. 04 600
5 06 550
6. 0.8 500
7. 25 320
8. 10 200
Total time = 678 h ~ 28 days
Results
Cubic shape (1.4 x 1.4 x 1.4 mm?)
Prr/Prx = 21
GdPb;

Ratio of starting materials
Gd: Pb = 6.5:935

(at %)

~ 1.0279 : 19.5860 (g)

Growing process

Rate Target

(°C/h) 69
1. 135 300
2. 26 920
3. 0 (keep for 48h) 920
3. 1.0 880
4. 04 750
5. 0.6 700
6. 0.7 600
7. 2.0 500
8. 20 300

Total time = 725 h ~ 30 days

Results

Cubic shape (1.2 x 1.2 x 1.2 mm?)

Prr/ P = 19
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