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We studied the various kinds of electronic states in the f-electron systems of the cubic RX3 and AnXz compounds and the
tetragonal RTXs and AnTXs compounds (R: rare earth, An: Th, U, Np, Pu, T: transition metal, X: Al, Ga, In, Si, Ge, Sn)
through the de Haas-van Alphen experiment and the energy band calculation. The former compounds are three
dimensional in the electronic states, while the latter compounds are quasi-two dimensional. Pressure experiments were also
carried out for antiferromagnets Celnz and CeRhins to change the electronic state from the antiferromagnetically ordered
state to the non-magnetic state, crossing the critical pressure region where the Néel temperature becomes zero. Around
this critical pressure region, d-wave superconductivity is induced, and a marked change of the Fermi surface properties
from the 4f-localized state to the 4f-itinerant state occurs at this critical pressure, revealing the first-order phase transition.
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1. Introduction

The 4f (5f) electrons in the rare earth (actinide) atoms
are pushed deep into the interior of the closed 5s*5p°
(65%6p°) shells because of the strong centrifugal potential
£(0+1)/1%, where ¢ = 3 holds for the f electrons. This is the
reason why the f electrons possess an atomic-like character
even in a compound. The localized f-electron picture is a
good starting point in magnetism, especially in the rare
earth compounds. On the other hand, the tail of their wave
function in the f-electron compounds spreads to the outside
of the closed 5s*5p° (6s°6p°) shells because it is highly
influenced by the potential energy, the relativistic effect,
the distance between the rare earth (actinide) atoms, and
hybridization of the f electrons with the conduction
electrons.

The f electrons of cerium and uranium compounds
exhibit a variety of characteristic features including spin
and charge orderings, spin and valence fluctuations, heavy
fermions and anisotropic superconductivity [1-3]. In these
compounds, the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction and the Kondo effect compete with each other.
The RKKY interaction enhances the long-range magnetic
order, where the f electrons with magnetic moments are
treated as localized electrons, and the indirect f-f
interaction is mediated by the spin polarization of the
conduction electrons. The intensity of the RKKY
interaction is proportional to the square of the magnetic
exchange interaction J.r between the f electrons and
conduction electrons, and the corresponding ordering

temperature is characterized by
2
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Fig. 2. Temperature dependence of the magnetic
susceptibility in the typical cerium and uranium
compounds.

On the other hand, the Kondo effect quenches the
magnetic moments of the localized f electrons by the spin
polarization of the conduction electrons, producing a spin

singlet state with a binding energy kBTK at the cerium

and uranium sites, which leads to a heavy fermion state
with an extremely large effective mass at temperatures
lower than the Kondo temperature Tyx. The Kondo effect is
characterized by the Kondo temperature Ty, which

depends exponentially on |J CE | as follows:

TK oC e—l/(D(S; )“]CF‘). (2)

The competition between the RKKY interaction and
the Kondo effect was discussed by Doniach [4] as a

function of |JCF|D(6‘F), as shown schematically in

Fig. 1(a).

The magnetic susceptibility of CeCug and CeRu,Si, as
well as that of UPt; and UPd,Als, shown in Fig. 2, increase
with decreasing temperature, following the Curie-Weiss
law at high temperatures, and has a maximum at a

characteristic temperature T, [3]. Below T the

X max >
susceptibility becomes almost temperature-independent,
and the f-electron system is changed into a new electronic
state, called the heavy fermion state mentioned above.

Here T

X max
temperature Ty.

The heavy fermion state in the cerium compounds is
roughly understood as follows [5]. The 4f levels of the
cerium ions are split into J-multiplets (J=7/2 and 5/2) due
to the spin-orbit interaction, where the 4f electrons in the
cerium compounds are almost localized in nature. The

approximately corresponds to the Kondo

sixfold J=5/2 multiplet is furthermore split into three
doublets in the non-cubic crystalline electric field (CEF)
scheme. The magnetic susceptibility at high temperatures
follows the Curie-Weiss law with the effective magnetic
moment of Ce*", namely, 2.5ug/Ce. The electronic state is,
however, changed with decreasing temperature. At low
temperatures, the magnetic entropy of the ground-state
doublet in the 4f levels, Rlog2, is obtained by integrating
the magnetic specific heat Cy, in the form of C,/T over the
temperature. When C,, is changed into the electronic
specific heat yT via the many-body Kondo effect, the
following relations are obtained:

TKC
Rlog2 = [=mdT, 3
og !T 3)

C, =T )
The y value can be obtained as

Rlog2 10* 2
T (ma/K2mol). )

For example, the y value and the Kondo temperature
are 1600mJ/K’mol and 5K in CeCus, and 350 mJ/K’mol
and 20K in CeRu,Si,, respectively. The localized 4f
electronic state is thus changed into an f-derived band with
a flat energy vs momentum dispersion, possessing an
extremely large effective mass. The 4f-itinerant band
model is highly applicable to the Fermi surfaces in CeRu,,
CeSn; and CeRu,Si,, which are determined from the de
Haas-van Alphen (dHvA) experiment, although the

detected cyclotron mass m. s larger than the

C
corresponding band mass M, . This is because the many-

body Kondo effect is not included in the conventional
band calculation. A similar feature is found in uranium
compounds such as UPt; and UPd,Als.

These strongly correlated electrons follow the Fermi
liquid nature at low temperatures. The electrical resistivity

p varies as p = p, + AT >, where p, is the residual

resistivity. The coefficient A/ A is two to three orders of
magnitude larger than that in the usual s and p electron

systems. \/K correlates with an enhanced Pauli
susceptibility y (T—0) = y,and with a large electronic
specific heat coefficient C/T (T—0) =y.

Interestingly, some heavy fermion systems show
unconventional (anisotropic) superconductivity [6]. The
most important observation for the well-known heavy
fermion superconductors such as CeCu,Siy, UPt;, and
UPd,Al; is that superconductivity is realized in the
magnetically ordered state or the antiferromagnetic
(ferromagnetic) fluctuations. The physical quantities such
as the specific heat and the spin-lattice relaxation rate do

not follow the exponential dependence of e T in the
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superconducting state, which is expected from Bardeen-
Cooper-Schrieffer (BCS) theory, but obey a power law of
T". Here, A is the superconducting energy gap and n is an
integer. This means that the superconducting gap
possesses line and/or point nodes. These results are based
on the fact that quasi-particles with heavy masses of 10-
100m, (mg: rest mass of an electron) are of an f electron
character, which originates from the strong Coulomb
repulsion between the f electrons. These quasi-particles
condense into Cooper pairs.

When the phonon-mediated attractive interaction is
compared with the strong repulsive interaction among the f
electrons, it is theoretically difficult for the former
interaction to overcome the latter. To avoid a large overlap
of the wave functions of the paired particles, the heavy-
fermion system preferentially chooses an anisotropic
channel, such as a p-wave spin triplet state or a d-wave
spin singlet state to form Cooper pairs [6]. Recent neutron-
scattering experiments clearly indicated evidence of a
close relationship between superconductivity and magnetic
excitation in UPd,Al; [7-9]. The magnetic excitation gap
of UPd,Al;, which appears in the inelastic neutron profile
below the superconducting transition temperature Tgc,
corresponds to the superconducting order parameter.

Figure 3 shows a schematic view of the
superconducting order parameter with s-, d-, and p-wave
pairing. The order parameter ‘¥'(r) with even parity (s- and
d-waves) is symmetric with respect to r, where one
electron with the up-spin state of the Cooper pair is simply
considered to be located at the center of ¥(r), where r=0,
and the other electron with the down-spin state is located
at r. The width of W(r) with respect to r is called the
coherence length &, as shown in Fig 3(a).

The technique of nuclear magnetic resonance (NMR)
and nuclear quadrupole resonance (NQR) has proved to be
a useful tool for determining the symmetry of the
superconducting condensate. UPd,Al; is considered to be a
d-wave superconductor from NMR experiments [10],
which corresponds to the case in Fig. 3(b). The origin of
pairing has also been clarified by neutron-scattering
experiments on UPd,Al; [7-9], as mentioned above. On
the other hand, W(r) with odd parity (p-wave) is not
symmetric with respect to r, where the parallel spin state is
shown in Fig.3(c). From NMR and magnetization
experiments [11, 12], UPt; is considered to possess odd
parity in symmetry.

Order Parameter (Cooper Pair)
(a) s-wave (b) d-wave (c) p-wave
I‘{‘(r)

A A
LD \9/\/\\*/

o
Fig. 3. Schematic view of the superconducting order parameter
with s-wave, d-wave and p-wave pairing.
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Fig. 4. Wigner-Seitz radius of the actinide, lanthanide and
transition metals [18].

Recently, a new aspect of cerium and uranium
compounds with magnetic ordering has been discovered.
When pressure P is applied to compounds with
antiferromagnetic ordering such as CeCu,Ge, [13], Celns,
and CePd,Si, [14], the Néel temperature Ty reaches zero at
the quantum critical pressure P¢, and superconductivity is
observed at around Pc. Superconductivity is surprisingly
found even in the ferromagnetic states of UGe, [15],
URhGe [16], and Ulr[17]. The crossover from the
magnetically ordered state to the non-magnetic state under
pressure, crossing the quantum critical point, is the most
interesting issue in strongly correlated f electron systems.
The electronic states can be tuned by pressure.

Experimentally, the quantity |JCF|D(8F) in Fig. 1(a)

corresponds to pressure P.

It is also noted that the wave function of f electrons in
the rare earths and actinide metals shrinks with increasing
the number of f elements. In the rare earths, this
corresponds to the lanthanide contraction. There exists the
similar trend for the actinide metals such as Th, Am, Cm,
Bk and Cf, revealing the localized nature of f electrons. On
the other hand, the Wigner-Seitz radius Rws, which is

related to the atomic volume V (= (47r/ 3)R\/3vs ), steeply

decreases from Th to Np, as in transition metals, but
increases as a function of the number of 5f electrons, as
shown in Fig. 4 [18]. The Wigner-Seitz radius of Am is
close to the localized 4f-electron radius of lanthanide
metals, and thus the radius of Pu has an intermediate value
between Np and Am. This is an important feature to
understand the electronic states of actinide compounds,
which is also related to the crystal structure.

The S5f-itinerant band model is applicable to the
electronic state of a heavy-fermion superconductor UPt;,
as noted above. On the other hand, the 5f-localized
electronic state is also well established experimentally in
UPd. The electronic states in transuranium compounds
including Np and Pu are still to be clarified, both
experimentally and theoretically [19].

In the next chapter, we present several kinds of
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techniques for growing high-quality single crystals of rare
earth and actinide compounds, and describe the dHVA
effect. We explain in Chap. 3 the characteristic features of
heavy fermions, namely the meaning of heavy fermions
and the metamagnetic transition in the magnetization
curve. We furthermore present the Fermi surface
properties based on the results of de Haas-van Alphen
(dHvA) experiment and energy band calculation in RX;
(AnX;) and RTXs (AnTXs) (R: rare earth, An: actinide, T:
transition metal, X: Al, Ga, In, Si, Ge, Sn, Pb) and f-
relevant superconductivity in Chap. 4. In the final chapter,
the characteristic features in these compounds are
summarized.

2. Single crystal growth and dHVA

experiment
(a)
CeRu,
e

—  |«—10mm

CelrSi,
—»  |«—10mm
(b) NpRhGas
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Fig. 5. Photograph of single crystal ingots obtained by (a)
Czochralski, (b) flux and (c) Bridgman methods.

In the dHVA experiment, we need high-quality single
crystals as well as low temperatures down to 30 mK and
strong magnetic fields up to 170 kOe. Various techniques
for the single crystal growth were applied to rare earth and
actinide compounds, depending on the degree of the vapor
pressure of the melt, as shown in Tables 1-4 for cerium,
thorium, uranium and transuranium compounds,
respectively [20]. These compounds were used for the
dHvA experiment. If the vapor pressure is low, the
Czochralski method denoted as Cz is a powerful method to
obtain a large size of a single crystal ingot. The rf-furnace
was used for the Cz method when the melting point is less
than 1500°C and the tungsten crucible is available. The Cz
method was also applied to the compounds with high-
melting points, for example about 2500°C, in the tetra-arc
furnace. The typical compounds with high-melting points
are CeRh;B,, UB, and UC. Figure 5(a) shows single
crystal ingots of CeRu, and CelrSi; grown by the Cz

method in the tetra-arc furnace. CelrSi; is known to be a
pressure-induced  superconductor  without inversion
symmetry in the tetragonal crystal structure [21]. On the
other hand, the flux method (Flux), the chemical transport
method (CT) and the Bridgman method (Br) are useful in
the high vapor pressure case of the compounds, and also
for the incongruent compounds. The floating zone method
(FZ) was also applied to CeBg. Figure 5(b) indicates a
single crystal of NpRhGas grown by the Ga-flux method,
where the Fermi surface properties are described later. A
single crystal of CePt;Si was grown by the Br method in a
Mo-crucible, as shown in Fig. 5(c).

It is noted that the starting material of a uranium ingot
was annealed under high vacuum of 107" torr via the solid
state electrotransport method. For example, an Fe impurity
of 40 ppm in the uranium ingot was reduced to less than 2
ppm, and the Cu impurity was completely removed [22].
Subsequent annealing under high vacuum using the
electrotransport method drastically improved the quality of
the single crystal, which was applied to UPt; and URu,Si,.
For example, we recently obtained an extremely high-
quality single crystal sample in URu,Si,, where the
residual resistivity ratio (RRR) reaches more than 500
[19].

Table 1. Single crystal growth and Fermi surface studies in
cerium compounds.

Cz | CeRuy(P) CeRhy(P) CeSny(P) CeNi(P)
CeRuZSiQ(P)

CeAg(Q,F) CeGas(F) CeRh,Bs(F) CeRu,Gex(F)
CePtAI(F) Celny(AF) Ce,Sn,(AF) CeRh,Sio(AF)

Flux | CelrIns(P) CeColns(P) CeAgSb,(F)
CeRhlIns(AF)

CeGoGes(AF) Ce,Rhing(AF)

Br | CeSb(AF) CePt;Si(AF,S) CePtP(AF)
CePtAs(AF)

FZ | CeB4(Q, AF)

Table 2. Single crystal growth and Fermi surface studies in
thorium compounds.

| Flux | Thiny(P) ThRhIns(P) |

Table 3. Single crystal growth and Fermi surface studies
in uranium compounds.

Cz | UC(P) USiy(P) UB,(P) UBy(P) UPt, (P,S)
URllzsig (S)
UGe,(F) Ulr (F) UPd,AL(AE,S)

Flux | UAIl;(P) UfeGas(P) UcoGas(P) UrhGas(P)
UGay(F) UGa;(AF) Ulns(AF) USby(AF)
UBIi,(AF)

UniGas(AF) UPdGas(AF) UptGas(AF)

CT U3P4 (F) U3AS4 (F) UP2(AF) UASz(AF)
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Table 4. Single crystal growth and Fermi surface studies in
transuranium compounds.

Flux | NpGes(P) NpNiGas(AF) NpCoGas(AF)
NpRhGas (Q,AF) NpPtGas(AF) Pulns(P)

The dHVA experiment was performed by the standard
field-modulation method with a modulation frequency of
7 Hz and a modulation field of 100 Oe [1, 2]. Pressure was
applied up to 3 GPa using an MP35N piston-cylinder cell
with a 1:2 mixture of commercial Daphne oil (7373) and
petroleum ether as a pressure-transmitting medium. The
pressure was calibrated by the Ty, value of Sn, which is
accurate within 0.05 GPa of the absolute value.

The detected dHVA signal in the 2o technique is written
as follows [23]:

. 27pF
Vose = Z A, sm[ E ¢pj (6)
p

H
A, och[zﬂthjH”z *3’2782&9‘2)7 RR,R, (7
H ok
_ 2amT/H .
" sinh(2em.T /H)
Rp = exp(— am.T,/H ) Q)
Ry = cos(p;zm[fg /2m0) (10)
a =271 pcky /eh (11)

Index p (=1, 2, 3, ...) represents the fundamental (p=1)
and the higher-harmonic (p=2,3,...) dHVA frequencies, and
J, is the Bessel function. The dHvA amplitude is related

to the so-called curvature factord>S F (kZ )/ szz , the
thermal reduction factor Ry (Rt —1 for T— 0), the Dingle
reduction factor Rp (Rp— 1 for the Dingle temperature Tp

— 0), which is caused by the finite scattering lifetime of
the conduction electrons, and the spin reduction factor Rg

(Rs— 1 for the cyclotron mass m: =m, and g= 2),

which is the interference between the oscillations of spin-
up and spin-down electrons. The dHvA frequency

F(=chS. /27e) is proportional to the extremal

(maximum or minimum) cross-sectional area Sg of the
Fermi surface. From the temperature and field
dependences of the dHVA amplitude, we can determine the

cyclotron effective mass mz and the Dingle temperature
T | T (= /27K, T) is

proportional to the scattering lifetime t of an conduction

respectively. inversely

electron. We also estimate the mean free path ¢ from the
simple relations: S¢ = 7K?, K. =m V. and | =v,7,
where kg is half of the caliper dimension of a circular Sg
and Vg is the Fermi velocity.

The experimentally obtained dHVA results of cerium,
thorium, uranium and transuranium compounds, which are
shown in Tables 1-4, respectively, were compared with the
results of energy band calculation [1-3, 19, 21, 24-26].
These compounds include a wide variety of electronic
states such as paramagnetism including Pauli
paramagnetism, denoted as (P) in Tables 1-4, quadrupolar
ordering (Q) including the multi-polar ordering,
ferromagnetism (F), antiferromagnetism (AF) and
superconductivity (S).

3. Characteristic features of heavy fermions

First we show an example of how the heavy fermions
are formed. The uranium compounds UX; with the cubic
AuCu; type structure exhibit a wide variety of magnetic
properties such as Pauli paramagnetism in USi; and UGe;,
spin  fluctuations in USn; and UAl; and
antiferromagnetism in Upb3, UGa;, Uln; and UTI; [27,
28]. The variety in the magnetic properties is closely
related to the lattice constant or the distance between the U
atoms,dyy , and the 5f-electron hybridization with the
other valence electrons. This is reflected in the electronic
specific heat coefficient y, which varies from 14 mJ/K’mol
in USi; to 170mJ/K*mol in USns, as shown in Fig. 1(b).
When the antiferromagnetic order occurs at Ty=30K in
UPb;, the y value is reduced to 110mJ/K’mol. The y value
in UX; thus depends on the lattice constant, dy.y. It can be
deduced from Fig. 1(b) that as dy.y becomes shorter, the 5f
bands become wider, enhancing Pauli itinerancy, while
with increasing the 5f bands become narrower, forming a
heavy fermion state, as in USnz;, and finally the 5f-
electronic state exhibits magnetic ordering [28]. The
dependence of magnetism on the f-f overlap was long ago
discussed by Hill [29].

A large cyclotron mass of 100 mg (: rest mass of an
electron) was detected in the dHVA experiment: 120 my in
CeRu,Si, [30], 87 mp in CeColns [31], 105 in Upt; [32],
65 mg in Upd,Al; [33] and 81 my in PrFesPy, [34],
whereas the corresponding band mass is roughly by one
order smaller than the detected cyclotron mass.

We note that the topology of the Fermi surface in
CeRu,Si,, CeColns and UPt; without a distinct magnetic
ordering is well explained by the f-itinerant band model.
The heavy fermion antiferromagnet Upd,Al; with a
magnetic moment of 0.85ug /U is also well explained by
the energy band calculation based on the fully-relativistic
spin-polarized LAPW method. Namely, the 5f-electrons in
the antiferromagnetically ordered UPd,Al; are itinerant
and also contribute to the magnetic moment at the uranium
sites.

The magnetically ordered cerium compounds are,
however, different in magnetism compared to the uranium
compounds. In the cerium compounds the magnetic order
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is formed by the localized-4f moments. The topology of
the Fermi surface is therefore similar to that of the
corresponding non-4f lanthanum compound. Nevertheless,
the y value or the effective mass of the conduction
electrons in the Kondo antiferromagnets such as CeAl, and
CeBg are by one to two orders of magnitude larger than
those of the corresponding non-4f reference compounds
LaAl, and LaBg [35, 36]. The degree of mass enhancement
depends on the degree of competition between the RKKY
interaction and the Kondo effect, namely the hybridization
of the 4f electrons with the conduction electrons.

The conduction electrons with large masses in the
heavy electron systems are believed to move slowly in the
crystal. We confirmed from the dHVA experiment that the
product of the cyclotron mass and the inverse scattering
lifetime or the Dingle temperature is constant in
Celn; [37].

The relation between the effective mass and the
scattering lifetime t for the conduction electrons in metals
is defined as follows:

hke =m.ve (12)
and

l=vp.r (13)
From eqs. (12) and (13) the following equation is
obtained:

m; _ 7k
T 27Kl

Thus m: /T is expected to be the same for two

(14)

similar orbits with the same mean free path. When the
effective mass m: is enhanced by a factor of (1+A) due to

the many-body Kondo effect, eq. (12) indicates that t
should also be enhanced by a factor of (1+A). This occurs
because a large mass is translated into a small velocity
from eq. (13) so that the scattering lifetime becomes (1+1)
times larger than that obtained by eq. (13) if the mean free
path is the same. In terms of the Dingle temperature

To(=h/27K,T), eq. (14) becomes

e Tk

©P 2kl

The above relation between the cyclotron mass and
the Dingle temperature was applied to the heavy electrons
in Celn; [37]. There are two orbits, named orbits d and D,
which possess the same dHVA frequency in Celn; and
therefore the same cross-sectional area of the Fermi
surface but a different cyclotron mass for two field
directions for the same nearly spherical Fermi surface, as

(15)

later shown in Fig. 19(c). Thus, hk,: is the same for the

two orbits. Moreover, the mean free path is considered to
be the same because it is approximately equal to the
average distance between impurities.

The dHvVA frequency F, which is proportional to , and the
cyclotron mass, which is determined from the temperature
dependence of the dHVA amplitude for the field along the
(111) direction, are 3.15x10’Oe and 2.44 m, respectively,
for orbit d . The other orbit for field approximately along
the (110) direction, which is now denoted by orbit D, has
3.29x10"Oe and 12m,. Here the cyclotron masses were
determined from the temperature dependence of the dHVA
amplitude A.

Celn,

orbit D ‘%@0_
o% 3 T,=0.04 K

T/H)] (arb. units)

<

3
m

orbit d P Tp=0.19K

log[ AH""2sinh(o:

H' (x107 Oe!)

Fig. 6. Dingle plot for orbits d and D of the same Fermi
surface in Celns.
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uranium compounds.

in heavy fermions of cerium and
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Fig. 6 shows a Dingle plot of log

[AH"? sinh(am:T /H] vs H™" for these two orbits.
The slope in Fig. 6 gives the product of the cyclotron mass
m: and the Dingle temperature Tp, . A slope for orbit d is

almost the same as that for orbit D, indicating that the
product of is constant for the two orbits. Orbit d possesses
Tp=0.19K or 1=6.5x10"%s, while Tp=0.04K or 1=3.0x10"
s for orbit D.
We can thus conclude that the larger the mass becomes,
the larger the scattering lifetime, keeping the value of
*
m.z'
The metamagnetic transition in the magnetization
curve is one of the important characteristics in the heavy
fermion compounds. As noted above, the heavy fermion
state is formed due to the hybridization effect between the
conduction electrons with a wide energy band and almost
localized f-electrons. As a consequence, the almost
localized f-electrons become itinerant with decreasing
temperature through the many-body Kondo effect. The
crossover from localized to itinerant occurs at a

T
or M, |, constant.

characteristic temperature T

ymax

where the magnetic
susceptibility has a maximum, as mentioned above.

Kondo

temperature , which is about 20K in CeRu,Si,, for
example, as shown in Fig. 2. At temperatures lower than

T corresponds

o max approximately to the

T}(max , the metamagnetic transition occurs at a magnetic

field Hy such that KgT, . = Qg gH,,. Figure 7(a)

shows the typical metamagnetic transition in UPt; and
USns;, which occurs at H, = 200 kOe and 310 kOe,

respectively [28]. The relation of Hy, vs T)(maX in cerium

and uranium compounds is shown in Fig. 7(b) [38].

Hp, is thus a characteristic field. The field dependence
of the specific heat has a maximum at H,, [39, 40]. For H
> H,, the cyclotron mass decreases with increasing field.
The mass reduction at high fields is also a characteristic
feature in heavy fermions, which is shown later for
CeColns in Fig. 51.

(b) RTX; (AnTX,)

QaZIQQ R (An)
O OO Q| X
Q QT

(a) RX; (AnXj3)

Fig. 8. (a) Cubic crystal structure in RX3 and AnX; and
(b) the tetragonal structure in RTXs and AnTXs.

4 . Changes of the electronic states in the
RX3 and AnX; compounds with the cubic
crystal structure and the RTXs and AnTXs
compounds with the tetragonal crystal
structure

4.1 RX3and AnX;

The cubic RX; and AnX; compounds in Fig. 8(a) are
classified in Table 5 according to the number of valence
electrons, n, from n=11 in a divalent Yb*" compound of
YbIn to n=19 in a 5f-relevant paramagnet NpGes, passing
through a non-4f reference compound Laln; (Lulns), an
antiferromagnet NdIn;, a Kondo-lattice compound with
antiferromagnetic ordering Celn;, Celn; under pressure,
another reference compound Thln;, another divalent Yb**
compound of YbPbs, another non-4f reference compound
LaSn3;, a heavy fermion compound UAI,
antiferromagnets UGa; and Uins, an itinerant-4f compound
CeSn;, a Pauli paramagnet USi; (UGes), a spin-fluctuation
compound USn3, an antiferromagnet Npln;, and a
paramagnet Puln;.

BT T T T T T T T
_O Rin;
2 °o
g )
S 46 o o 4
) o]
2 o o
2 ©0o o
Lo [

4.4
La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 9. Lattice parameter in RIns with the cubic structure [41].

YbIn; in Table 5 is a Pauli paramagnet with the
divalent property of Yb*". This is clear from the lattice
constant in RlIn;, as shown in Fig. 9, because the lattice
constant of YbIn deviates from the lanthanide
contraction [41]. The electronic configuration of the Yb
atom is 4f'*55?5p%s?, and thus the valence electrons are
6s*. Considering the valence electrons of 55°5p" in the In
atom, the total number of valence electrons are 11 in
YblIn;, revealing an uncompensated metal. Figure 10
shows the angular dependence of the dHVA frequency in
Ybln; [42]. The solid lines in Fig. 10 indicate the results of
energy band calculation. The experimental results of

dHvA branches named o, B, v, O

1
agreement with the theoretical ones, as shown in Fig. 11,
which are the band 6-electron Fermi surface centered at R,
the band 7-electron Fermi surface centered at R, the band
6-clectron Fermi surface centered at I', the band 5-hole
Fermi surface centered at M and band 5-hole located along
A, respectively. Branch £ also corresponds to the band 6-

and € are in good
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electron Fermi surface. The cyclotron mass is light and is
close to the corresponding band mass m, , ranging from

1.1 mg in branch a to 0.22 mq in branch C.

dHvA Frequency (Oe)

Fig. 10. Angular dependence of the dHVA frequency in a
Pauli paramagnet YbIns. The solid lines are the results of

1 U(\

<110>

30 0 30 60

<100> <11l>
Field Angle (Degrees)

energy band calculation.

90
<110>

band 7-electron

Fig. 11. Theoretical Fermi surfaces in a Pauli

paramagnet Ybin.

Table 5. Numbers of valence electrons and Fermi surface
studies in the RX3 and AnX; compounds with the AuCus-
type cubic crystal structure.

Number of | Compounds refs

valence

Electrons

11 Yblns [42]

12 Laln; Luln; NdIn; (AF) | [42][43][45]
Celn; (AF) Npln; (AF) | [46][50][69]

13 Celn; under pressure | [51][52]
ThIIl3

14 YbSn; YbPb; [55][56]

15 LaSn; UAL; [571[62]

UGas(AF) Uin; (AF) [64][65]

16 CeSn; [59]

17 Puln; [71]

18 USi;UGe; USny [66][67]

19 NpGe; [68]

Next we show in Fig. 12(a) the angular dependence of
the dHvA frequency in Laln;[43]. The solid lines
represent the results of energy band calculation [44].
Branch “a@” originates from the band 7-electron Fermi
surface with the nearly spherical topology, while the
others originate from the band 6-hole Fermi surface, as
shown in Fig. 13. Laln; is a compensated metal with equal
number of electrons and holes, or equal volume of the
electron Fermi surface and the hole Fermi surface. The
latter Fermi surface consists of three kinds of major parts.
Among them, a Fermi surface centered at I', denoted by
“d”, is electron in dispersion and is spherical in topology,
bulges slightly along the <1 0 0> direction and connects
with another part of the Fermi surface centered at R by a
slender arm elongated along the <1 1 1> direction. The
arm is denoted by “j”. The topology of the Fermi surface
for branch “d” is similar to that of Cu, although the
volume is small compared to that of Cu.

a) iby
T r T T T T
{100} (110} Laln, [100] (10} Celny
10° 1
_ _ d
3 3 s
= =
- ]
2 2
g T .5
2w E 2w 1
< / <
= Lo st -
= P E
—i )
10° F RITIOLE e . g0, 1
| L | T 5 4
-30 0 90 -30 0 30 60 )
<10 <10 <lll>  <1l0= <110= <10 <lll>  <110>

Angle (Degrees) Angle (Degrees)
Fig. 12. Angular dependence of the dHVA frequency in
(a) Lalng and (b) Celns. The solid lines in (a) are the
results of band calculations.
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Conduction electrons are mainly due to La 5d and In
5p electrons. The cyclotron masses for branches a and d

for H ||<100 > are 0.57 my and 0.40 m, respectively,

which are almost the same as the corresponding band
masses of 0.58 my and 0.53 m,, respectively.

Next we consider a change of the Fermi surface in the
antiferromagnetic state of NdIn with a Néel temperature
Tn = 5.9K[45, 46]. The magnetic structure in the
antiferromagnetic state with a magnetic wave vector
g=(1/2, 0, 1/2), determined by the neutron scattering
experiment, is tetragonal, as shown in Fig. 14 [47].

(a)

band 7
electron

(b)

Fig. 13. (a) Band 6-hole and (b) band 7-electron Fermi
surfaces in Lalns.

Fig. 14. Antiferromagnetic structure in Ndln;. Four

chemical unit cells are shown, where one magnetic unit

cell is represented by thick solid lines with arrows
indicating the directions of the magnetic moments.

Fig. 15 shows the magnetization curve with three

metamagnetic transitions at 78.2, 88.5 and 111.4 kOe,
which are indicated by the vertical broken lines [48], and
the dHvVA oscillation for H || <1 0 0>. With increasing
magnetic field, the compound changes from the
antiferromagnetic state to a field-induced ferromagnetic
(or paramagnetic) state, passing through an intermediate-
magnetic state. The FFT spectrum in NdIn; is roughly the
same as the one in Laln; because the 4f electrons in NdIns
are localized and therefore do not contribute to the volume
of the Fermi surface. Among the dHvA branches in the
antiferromagnetic state of NdIn, we remark branch “a” due
to the band 7-electron Fermi surface. Figure 16 shows the
field dependence of the dHvA frequency of branch “a”.
The dHvA frequency corresponding to the up- and down-
spin states of the conduction electrons is degenerated in
the antiferromagnetic state, and also in the intermediated-
magnetic state, while it is split into the up- and down-spin
states in the field-induced ferromagnetic (paramagnetic)
state.

' | ' | ' |
[ NdIn; H//<100>

dHvA

! I I ! |
60 80 100 120

Magnetic Field (kOe)

Fig. 15. Magnetization curve and the dHvA oscillation
for H|| <100> inNdIn;. The data of magnetization
curve are cited from ref.[48].
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Fig. 16. Field dependence of the dHVA frequency in Ndins.
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Fig. 17. Angular dependence of the dHvA amplitude for
branch “a” in NdIns.

It is noticed that the dHVA amplitude of branch “a”
strongly depends on the field direction, as shown in Fig.
17. This is due to the small magnetic Brillouin zone based
on the large tetragonal magnetic structure shown in Fig.
14. From the angular dependence of the dHVA amplitude
for branch “a”, the nearly spherical electron-Fermi surface
in the paramagnetic state of NdIns, as shown in Fig. 13(b)
or Fig. 18(a), which corresponds to branch “a” in Lalns, is
changed into a multiply-connected Fermi surface with
necks in the antiferromagnetic state, as shown in Fig.
18(b). Note that no necks exist along the [1 0 0] and [0 1
0] directions. Therefore, the cubic symmetry is broken in
the antiferromagnetic state. If we follow the Fermi surface
in Fig. 18(b), branch “a@” is not detectable for
H ||< 110 >, but is experimentally detected even in the

antiferromagnetic  state, although its amplitude is
extremely small, as shown in Fig. 17. This is because an
electron can circulate along a closed orbit by breaking
through the necks of the Fermi surface. The
antiferromagnetic Fermi surface in the 4f-localized
antiferromagnet NdlIn is thus reconstructed on the basis of
the magnetic Brillouin zone.

i
-

(a) Para

u—.—_—_.-_—_-_.}l‘f
”

[

Fig. 18. Fermi surfaces in (a) the paramagnetic state and
(b) the antiferromagnetic state in NdIns.

(a) Celns

Fig. 19. (a) Crystal and magnetic structure in Celns,
(b) the magnetic Brillouin zone of Celnz and (c) Fermi
surfaces in Laln and Lulng (Celng).
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The similar change of the electronic state due to the
magnetic structure is realized in a Kondo-lattice
compound Celn with antiferromagnetic ordering at Ty =
10 K, where ordered moments of 0.5up /Ce with the
propagation vector q = (1/2, 1/2, 1/2) are aligned along the
<1 1 1> direction as shown in Fig. 19(a) [49]. The angular
dependence of the dHVA frequency in Celn is shown in
Fig. 12(b) [50]. The detected dHVA named “d” in Celn is
very close to the one in Laln;. Branch “d” in Celn; is,
however, observed in the whole angle region, possessing
no arms, indicating that the Fermi surface is a nearly
spherical Fermi surface with humps, because in another
non-4f (4f'*) reference compound Lulns, there exist no
necks [42].

Celn,

10—

Temperature (K)

\

| T (xlﬂ}ﬁ
U 1 1

1
0 1 2 3

Pressure (GPa)
Fig. 20. Phase diagram for the Néel temperature Ty and
the superconducting transition temperature Tsc in Celng.

Branch “a@” is, however, not detected in Celn;, which
is ascribed to the reconstruction of the Fermi surface on
the basis of the antiferromagnetic Brillouin zone. This
Brillouin zone is the same as that for the face-centered
cubic structure, as shown in Fig. 19(b). Most of the band
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Fig. 21. Pressure dependence of the dHVA frequency and
the cyclotron mass for H || <1 0 0> in Celns.
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7-electron Fermi surface centered at the R point is changed
into a fully occupied band in this new Brillouin zone,
where the original R point is reduced to the I point in this
Brillouin zone.

A drastic change of the Fermi surface in an
antiferromagnetic Kondo compound Celn; is realized
under pressure [51]. The dHvVA experiment was carried out
under pressure. With increasing pressure P, the Néel
temperature decreases as a function of pressure and
becomes zero at P~ 2.60 GPa, together with an
appearance of superconductivity (the superconducting
transition temperature Tg.= 0.2 K) in the pressure region
from 2.50 to 2.81 GPa, as shown in Fig. 20.

Fig. 21 shows the pressure dependence of the dHVA
frequency for H || <1 0 0>. A large main Fermi surface
named “a@” is observed in the pressure region P > P~ 2.60
GPa. The dHVA frequency Oe at 2.7 GPa is , however,
larger than F=9.87 x 107 Oe in Laln, but is close to F=7.47
x 107 Oe in Thin; [52]. A Pauli paramagnet Thin with the
tetra-valence electrons (6d*7s%) of the thorium atom is
another kind of a good reference compound to investigate
the topology of the 4f-itinerant Fermi surface in Celn; with
the tetra-valence electrons (4f'5d'6s%) of cerium.

Fig. 22. Angular dependence of the dHVA frequency in
(a) Celngat 2.7 GPa and (b) Thins.

We show in Fig. 22 the angular dependence of the
dHVA frequency in Celn; at 2.7 GPa and Thin;. The large
nearly spherical Fermi surface at 2.7 GPa in Celns
corresponds to the band 7-electron Fermi surface centered
at the R point, on the basis of the 4f-itinerant band model,
as shown in Fig. 23. Namely, the band 6-hole Fermi
surface in Laln; is completely occupied by the electron,
and the band 7-electron Fermi surface is changed into the
enlarged spherical Fermi surface centered at R and a
complicated multiply-connected electron Fermi surface
centered at I" in the band 7-electron Fermi surface of the
4f-itinerant Celns;. Branches “a” and “d” are similar in
shape between Laln; (4f-localized Celn;) and the 4f-
itinerant Celns. Therefore, the volume of the main Fermi
surface named “a” is very important to determine the
character of the 4f electron in Celn;.

An important finding in the present pressure
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experiment is that the drastic change of the dHvA
frequency at P~ 2.60 GPa corresponds to the first-order
phase transition. The similar instability of the Fermi
surface is observed in CeRh,Si, [3, 53] and CeRhlns [54].

Moreover, the cyclotron mass m: of the main Fermi

. *
surface named “a” is extremely large around : P.: M, =

60 my at 2.7 GPa for H || <1 0 0>, which is much larger
than 0.46 my in the corresponding Fermi surface in Thin;.
The d-wave type superconductivity in Celn; under
pressure is closely related to this heavy fermion state
around P..

(a) band 7-electron

Fig. 23. Fermi surface of 4f-itinerant Celns, presented by
(a) the electron character and (b) the hole character.
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Fig. 24. Angular dependence of the dHVA frequency in a
Pauli paramagnet YbPb;.

YbPb3 R

Band 7- hole M

Band 8-electron _|

Band 8-electron

Fig. 25. Fermi surfaces ina Paulmaramagnet YbPbs.

The next compound with the number of valence
electrons, n = 14, corresponds to Pauli paramagnets YbSn;
and YbPb; because Yb is divalent and the valence
electrons in Sn and Yb are 5s°5p® and 6s%6p®
respectively [55, 56]. Figure 24 indicates the angular
dependence of the dHvVA frequency in YbPbs. The
detected three branches named a, € and ¢ are explained by
the result of energy band calculation of which the Fermi
surface is shown in Fig. 25. Here, the Fermi surface
consists of a band 7-hole Fermi surface named o and band
8-electron Fermi surfaces named ¢ and ¢, corresponding to
a compensated metal as in Laln; (n = 12).

Figure 26(a) shows the angular dependence of the
dHvA frequency in LaSn; [57]. Main characteristic dHVA
branches are as follows. Two branches named o and
exist in the whole range of angles, revealing two nearly

spherical Fermi surfaces, three branches named %,,7,,
and y; are centered at <1 1 1>, and branch & is centered
at<110>
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Fig. 26. Angular dependence of the dHVA frequency in

(a) a non-4f reference compound LaSn; and (b) a 4f-

itinerant CeSns. Solid lines are the results of energy band
calculation.

(a) LaSny
hole (band 8)
r

(b) CeSny
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|
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(band 8) [~
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Fig. 27. Fermi surface of (a) LaSng and (b) CeSns.

Compared with Laln;, LaSn; has three electrons more
per primitive cell, and hence the electronic structure of
LaSn; is that of an uncompensated metal. All the sheets of
the Fermi surface in Laln; disappear in LaSn;. In LaSn;,
band 8 yields a main Fermi surface centered at R, and two
small hole closed Fermi surfaces exist at I" in bands 7 and
8, as shown in Fig. 27(a). The solid lines in Fig. 26(a) are
the result of energy band calculation [58]. The detected
dHvA branches are well explained on the basis of the
Fermi surface in Fig. 27(a).

CeSn; at low temperatures is thought to belong to the
so-called valence-fluctuation regime with a Kondo
temperature of about 200 K. It is interesting to understand
the 4f-electron character in comparison with the
antiferromagnetic Kondo compound Celn;. Figure 26(b)
shows the angular dependence of the dHVA frequency in
CeSn; [59]. Some dHVA branches are similar but other
branches are considerably different from those of LaSn;.
The detected cyclotron masses are roughly five times

larger than those of LaSnj;: 4.2 m, for branch a in CeSn;
and 0.91 m, for branch in LaSns;, in agreement with y
values: 53 mJ/K’mol in CeSn; and 11 mJ/K*mol in LaSn;.
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Fig. 28. Temperature dependence of the magnetic
susceptibility in USns, UAI; and NpGes.

The energy band calculation was carried out under the
assumption that the 4f electron is itinerant [60]. The
calculated Fermi surfaces mainly consist of a large band 8
hole-Fermi surface centered at R and a large band 9
electron-Fermi surface centered at I'. The origin of the
analogy in Fermi surfaces between CeSn and LaSn3 is as
follows. Namely, the large distorted spherical hole-Fermi
surface of band 8 in LaSn; is similar to the band 8 hole-
Fermi surface in CeSn;. Small nearly spherical hole-Fermi
surfaces in bands 7 and 8, denoted by o and 3 in LaSn;,
are also present in CeSns, not shown in Fig. 26(b) and Fig.
27(b), although their volumes of the Fermi surfaces in
CeSn; are smaller than those of LaSn;. The marked
difference between LaSn; and CeSn; is ascribed to a large
band 9 electron-Fermi surface in CeSn;. Note that this
Fermi surface has no occupied states along <1 1 1>.

The solid lines in Fig. 26(b) indicate the result of the
4f-itinerant energy band calculation. Branch a correspond
to the large hole-Fermi surface, while the other main
branches are due to the electron, indicating a compensated
metal. Both in the magnitude of the cross-sectional area
and in the observed range of angle, the 4f-itinerant band
model agrees reasonably well with the experimental
results. The reason for the disappearance of branch a at
angles in the vicinity of the <1 0 0> direction is due to the
combined effect of the curvature factor and cyclotron
mass.

We will now turn to the compound with number of
valence electrons, =15, namely UAl;, where the valence
electrons are 5f°6d'7s” in the U atom and 3s*3p’ in the Al
atom. UAl; does not order magnetically, and the magnetic
susceptibility possesses a broad maximum around
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T =140 K, as shown in Fig. 28. At higher

J max

temperatures up to 800 K, the susceptibility follows the
Curie-Weiss law [61]. The effective magnetic moment
Het= 3.6 ug/U is close to 3.62 (3.58) i /U in the 5f-
localized 5F(5F) configuration. This is a reason why UAl;
is characterized as a spin-fluctuating compound. The
crossover from the 5f-localized electrons to the Sf-itinerant
ones is supposed to occur below 140 K. It is thus
important to clarify the S5f-electron character from the
dHVA experiment and energy band calculation.

Figure 29 (a) and 29 (b) show the angular dependence
of the dHvVA frequency and the theoretical one based on
the 5f-itinerant band model [62]. Among the detected
several branches, two main branches named o and y are
well explained by the theoretical closed band 8-hole Fermi
surfaces, as shown in Fig. 30.
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Fig. 29. (a) Angular dependence of the dHVA frequency
in a heavy-fermion compound UAl; and (b) the
theoretical one.

One large Fermi surface is nearly cubic, centered at I,
and the other small Fermi surface is also nearly cubic,
centered at R. The detected cyclotron mass is in the range
from 3 to 17 m, , suggesting the strong 5f hybridization
with the conduction electrons, which is twice to three

times larger than the corresponding band mass: m: =17 my

and my=6 m, for branch a, and y = 47 mJ/K*mol and Yp=
14.8 mJ/K’mol.

UGa; and Uin; are the compounds with n = 15,
similar to UAl;. Both compounds, however, order
antiferromagnetically below Ty= 67 K and 90 K,
respectively. UGa; was studied on the basis of the 5f-
itinerant antiferromagnet [63], but the detected dHVA
branches in UGa; are not explained by the spin-polarized
Sf-itinerant band model, which is most likely due to the
magnetic structure, not definitely determined yet. Here we
show in Figs. 31 and 32 the angular dependence of the
dHvA frequency in UGa; [64] and Uin; [65], respectively.

The compound with the number of electrons, n = 17,
corresponds to Puln;, as shown in Table 5. It is, however,
better to present the corresponding Fermi surface property
as a final compound in RX; and AnX;. We will go on to

USi; with n = 18. USi; is a Pauli paramagnet with a small
y value of 11.9 mJ/K*mol. Figures 33(a) and 33(b) show
the angular dependence of the dHVA frequency and the
corresponding theoretical one based on the 5f-itinerant
band model, respectively [66]. Fifteen dHvA branches are
observed, ranging from 7.37x10° to 2.33x10® Oe, which
are in good agreement with the theoretical ones based on
the Sf-itinerant Fermi surfaces shown in Fig. 34.
Theoretically, the 5f electrons form wide bands across the
Fermi energy, which hybridize considerably with Si-3p
electrons. The p-f hybridization makes the dispersion of
the 5f-bands very large. Cyclotron masses, which are in
the range from 0.39 to 4.17 m, , are thus approximately the
same as the corresponding band masses, being in good
agreement with a relation between the y value of 11.9
mJ/K*mol and y, = 11.7 mJ/K?*mol. The mass enhancement
is thus extremely small in USi;.

A small mass enhancement is observed in UGe; with y
= 20 mJ/K*mol, with the same topology of the Fermi
surface as in USi3, from the dHVA experiment and energy
band calculation [67], while a relatively large mass
enhancement is expected in a spin-fluctuating compound
USn; with y = 170 mJ/K’mol, as shown in Fig. 1(b). As
noted in Chap. 3, the metamagnetic transition is observed
at Hy, = 310 kOe in the magnetization curve, as shown in
Fig. 7. Figure 35 shows the angular dependence of the
dHvVA frequency in USn;. Only branches p; are observed.
The cyclotron mass of branches 1,3 for H|| <1 0 0>1is 1.5
m, in USn;, which is large compared with m, 0.40 in USi;
and M, 0.42 in UGe;.

The next compound is NpGe; with n = 19. This is an
enhanced Pauli paramagnet, similar to UAl;. The magnetic
susceptibility has a maximum around 50 K, as shown in
Fig. 28. From the susceptibility data above 250 K, the
estimated effective magnetic moment is ze = 2.78 15/Np,
which is close to = 2.68us /Np in Np** (5f%), but is
smaller than i = 3.62u5 /Np in Np®* (5%). The present
result of the magnetic susceptibility suggests that the Np
ion possesses a local moment at high temperatures, but the
electronic state is changed into the enhanced Pauli
paramagnet at temperatures lower than 50 K.

Fig. 36(a) and (b) show the angular dependence of the
dHvVA frequency and the corresponding one based on the
Sf-itinerant Fermi surfaces shown in Fig. 37, being in good
agreement between experiment and theory [68]. The band
10 electron-Fermi surface in USi; (UGe;), shown in Fig.
34(c), is spherical, but possesses a hollow space at the
center and a window for <1 0 0>, with a flat closed Fermi
surface at the M point. One more 5f electron becomes a
valence electron in NpGe;. This means that the hole bands
(8 and 9) are occupied completely by the electron and also
the band 10 electron-Fermi surface, centered at R, is
partially occupied by the remaining electron, producing a
hollow ball with a “belly” orbit and a “neck” The
cyclotron mass is in the range of 2.6 to 16 my, which is
enhanced approximately 3.5 times from the corresponding
band mass. This is in fairly good agreement with the ratio
of v = 34 mJ/K’mol to y, = 16.8 mJ/K’mol, y/y, = 2.0. It is
noted that the cyclotron mass and the corresponding band
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mass for an outer “belly” orbit &, are m: =4.7 m, and
m,=1.35 m, , respectively, which are compared with
mz =15 my and my,=4.03 m, for an inner orbit . This is

because the inner part of the band 10 electron-Fermi
surface is mainly due to the contribution of 5f electrons of
Np, while the outer part is due to the 4p component of Ge.

UAl;

Fig. 30. Theoretical 5f-itinerant band 8-hole Fermi
surfaces in UAls.
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Fig. 31. Angular dependence of the dHVA frequency in an
antiferromagnet UGas.
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Fig. 32. Angular dependence of the dHVA frequency in an
antiferromagnet Ulns.

Next we would like to discuss the electronic state of a
complicated magnetic compound Npln; [69].
Ferromagnetic and antiferromagnetic orderings occur at
Tc=14 K and Ty=10 K, respectively, together with another
transition at T'=8 K. When the magnetic field is applied to

the sample, the antiferromagnetic state is finally changed
into a ferromagnetic state with two metamagnetic
transitions at H,; and H.,. The antiferromagnetic ordering
and two metamagnetic transitions are found to be of the
first-order phase transition. We show in Fig. 38 the
magnetic phase diagram for three principal directions [69].
All the dHVA signals are detected in the ferromagnetic
state, namely above H,,.

Figure 39 shows the angular dependence of the dHvVA
frequency. Since the ferromagnetic state is not realized at
the highest magnetic field of 150 kOe for the magnetic
field around the <1 0 0> direction, as shown in Fig. 38, no
dHvVA signals are observed around <1 0 0>. Three dHVA
branches named o,  and y are observed. Branches o and
B correspond to nearly spherical Fermi surfaces. The
dHvA frequency of branch y increases with increasing the
field angle from <1 0 0>to <1 1 0> or <1 1 1>. At 31° (to
<1 10> and 36° (to <1 1 1>), branch y abruptly disappears,
suggesting the open orbit, which is most likely due to a
multiply-connected Fermi surface.

From the present dHvA results, we constructed the
Fermi surface of Npln;. Two cases can be considered. The
one is the case based on the 5f-itinerant picture. Another is
the case based on the 5f-localized picture. In the case of 5f-
itinerant picture, the total number of valence electrons in
Npln; is even, namely 16, where the electronic
configurations are Np (5t'6d'7s?) and In (5s°5p'). This
means that Npln; is a compensated metal with equal
carrier numbers of electrons and holes.
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Fig. 33. (a) Angular dependence of the dHVA frequency in a

Pauli paramagnet USi; and (b) the theoretical one.

In the case of a 5f-localized picture, the Np*™ (5)
configuration might be applicable to Nplns;, because the
magnetic effective moment is close to the value for the
Np”" free ion. Moreover, the Mdssbauer measurement
indicates the Np*" valence state from the isomer shift [70].
In this case, the total number of valence electrons is 12,
which is also even in number, meaning that Npln; is a
compensated metal.

Both 5f-itinerant and localized pictures deduce Npln;
as a compensated metal. Thus we restrict ourselves to a
compensated metal of Npln; in order to construct the
Fermi surface from the present dHVA results on the basis
of the 5f-localized Np** (5f*) configuration. We note that
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the Brillouin zone in the ferromagnetic state is the same as
that in the paramagnetic state. Thus it is possible to treat
Npln as a compensated metal in the same way as in the
paramagnetic state.

On the basis of the 5f-localized Np** (5f%)
configuration and the Fermi surface of Laln;, we
constructed the Fermi surface in the ferromagnetic state of
Nplns, as shown in Fig. 40. Characteristic features of the
Fermi surface properties in Npln; are as follows. A
spherical Fermi surface with a relatively small cyclotron
mass of 4m, in Npln; corresponds to a spherical electron
Fermi surface in Laln;. A complicated hole-Fermi surface
in Laln is simply modified to a multiply-connected Fermi
surface with arms along <1 0 0> and vacant space at the
center in Npln;, whose cyclotron masses are large: about
6m, for the arm and 12-14m, for a spherical Fermi surface
(vacant space). s
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Fig. 35. Angular dependence of the dHVA frequency in a
spin-fluctuation compound USns.

Finally we present the dHVA experiment for Puln;
with n = 17, where the valence electrons are 5°6d'7s? in
the Pu atom and 5s?5p'in the In atom [71]. As noted
above, the Wigner-Seitz radius of Pu is an intermediate
value between Np with the 5f-itinerant nature and Am with
the 5f-localized nature. It is thus a challenging study to
clarify the electronic state of Pu compounds. The recent
discovery of superconductivity in PuCoGas and PuRhGas
with a superconducting transition temperature Tg.= 18.5

and 9 K, respectively, as described later, has accelerated
the studies of the electronic states in the Pu compounds.
Here we show the first dHVA effect in Pulns.
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Fig. 36. (@) Angular dependence of the dHVA frequency in a
heavy-fermion compound NpGe; and (b) the theoretical one.
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Fig. 37. Theoretical 5f-itinerant Fermi surfaces and cross-
sections in NpGes. The color presents the contribution of 5f-
electrons.
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Fig. 40. Proposed Fermi surfaces in the field-induce
ferromagnetic state of Nplns.

Fig. 41 shows the dHVA oscillations and their FFT
spectra [71]. It is noted that the dHvA amplitude of branch
vy in EX 1 is extremely reduced at EX 2, where the dHVA
experiment named EX 2 was done one week later than the
first experiment named EX 1. An intensive reduction of
the dHVA amplitude is due to point defects produced by -
decay of Pu. On the other hand, the dHvVA amplitude of F
= 5.5 x 10 Oe is the same between EX 1 and EX 2, which
is not due to branch in Puln but due to a dHVA signal of
impurities, most likely In. Figure 42 shows the angular
dependence of the dHvA frequency, where branch y is
observed around <1 1 1>. Solid lines in Fig. 42 are the
result of Sf-itinerant band calculation. Branch vy
corresponds to a small spherical electron Fermi

Fermi surface centered at the I" point, where two kinds
of spherical Fermi surface are theoretically obtained on the
basis of the 5f-itinerant band model, as shown in Fig. 43.
The cyclotron mass of branch y is 4.8 m,, which is three
times larger than the corresponding band mass of 1.56 m.
A relatively large cyclotron mass of 17 mgp might be
expected for branch a along H|| <1 1 0>. On the basis of
the results of energy band calculation, the contribution of
the 5f component to Fermi surfaces is approximately 50%
for branches o and vy, while it is 70% for branch B. It is
noticed that these Fermi surfaces in Puln; are
approximately the same as those of YbIn; with n = 11 in
topology, as shown in Figs. 10 and 11, although there
exists no contribution of 4f electrons to the Fermi surfaces
in Yblns.

The Fermi surface properties such as Sf-itinerant
characteristics and the enhanced cyclotron mass in Puln;
are very similar to those in the enhanced paramagnet
NpGe;, mentioned above. Puln; is most likely an enhanced
paramagnet, although the fundamental properties such as
the magnetic susceptibility and specific heat are needed to
be clarified in Pulns.

Puln;
T=30mK Ex 1

Wy

110 kOe H- 149 kOe
T
(b)
Ex 1
N\A,\ N Ex?2

dHvA Frequency (x107 Oe)
Fig. 41. (a) dHvA oscillations and (b) the corresponding FFT
spectra in a paramagnet Puln;.
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Fig. 43. Theoretical 5f-itinerant Fermi surfaces in Pulns. The
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Table 6. Number of valence electrons and Fermi surface
studies in RTXs and AnTXs compounds with the
HoCoGas-type tetragonal structure.

number of compounds refs.
valence
electrons
27 LaRhIns CeRhlns (AF) [75]
28 CeRhlns under pressure [54]
CeColns ThRhlIns [311[79]
29 UFeGas [85]
30 UCoGas [86]
31 (63) UPtGas (AF) NpRhGas [88]1[89]
(AF)
32 PuCoGas PuRhGas [95][96]

5. Fermi surface properties in RTXs and
ANnTXs

Next we present the Fermi surface properties of RTX;
and AnTX;s with the HoCoGas-type tetragonal structure, as
shown in Fig. 8(b). RTXs and AnTXs are classified
according to the number of valence electrons, as shown in
Table 6.

We show in Fig. 44 the electronic states in CeTlns,
ThTIns and AnTGas, indicating paramagnetism,
antiferromagnetism (AF), ferromagnetism (F) and
superconductivity (SC) [72-74]. The crystal structure in
Fig. 8(b) is characteristic, which is closely related to the
electronic state. Namely, the uniaxially distorted AuCu;-
type layers of RX; (AnX;) and the TX, layers are stacked
sequentially along the [0 O 1] direction (c-axis). For
example, the 4d electrons of Rh in LaRhIns hybridize with
the 5p electrons of In, which results in a small density of
states around the Fermi energy. This means that there are
very few conduction electrons in the RhIn, layer and
hence the Laln; layer is conductive, producing cylindrical
Fermi surfaces. This is also applicable to all the RTXs and
AnTXs compounds, except UTGas (T: Co, Rh and Ir),
shown later.

Figures 45(a) and (b) show the angular dependence of
the dHVA frequency and the theoretical one in LaRhlns
[75]. Main detected dHvVA branches named (i = 1, 2 and
3)and (i =1 and 2) are the same as the theoretical ones.
These dHvA branches are well identified by the theoretical
Fermi surfaces in Fig. 46. The dHvA branches are due to
a band 15-electron Fermi surface, which is nearly
cylindrical but highly corrugated, having maximum and
minimum cross-sections. Branches £ are also due to a
highly-corrugated band 14-electron Fermi surface. This
Fermi surface has a convex part stretching along the [1 1
0] direction. This is the main reason why the dHvA
frequency of branch has a minimum at about 30°.

Here, the electronic conﬁgguration in LaRhlIn; is [Xe]
5d'6s? in the La atom, [Kr] 4d°5s' in the Rh atom and [Kr]
5s%5p'in the In atom. The valence electrons are 27 in
number, as shown in Table 6, indicating an
uncompensated metal for LaRhIns. In an antiferromagnet
CeRhlns, the 4f electrons are considered to be localized at
the Ce sites with magnetic moments of 0.8up /Ce [72],
where the electronic configuration of the Ce atom is [Xe]
4f15d'6s’. The detected main dHvVA branches in CeRhlns
are thus approximately the same as those of LaRhlIns [75].

With increasing pressure P for CeRhlns, the Néel
temperature = 3.8 K increases, has a maximum around 1
GPa, and decrease with increasing pressure. A smooth
extrapolation indicates that Ty— 0 at P, = 2.3 - 2.5 GPa,
as shown in Fig. 47. Figure 48 (a) and 48 (b) show the
temperature dependence of the electrical resistivity in
CeRhIns under pressure. At 1.60 and 1.89 GPa,
superconductivity, as well as antiferromagnetic ordering,
shown by arrows, are clearly observed. Only
superconductivity is observed at 2.08 GPa. Around the
critical pressure region, CeRhlns reveals
superconductivity, with a maximum transition temperature
Te= 2.2 K [76]. From the NQR and specific heat
experiments, together with the dHvA experiment shown
below, the critical pressure is P, (H=0) =~ 2.0 GPa at zero
field [77], whereas (H#0) ~ 2.3 GPa in magnetic fields
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[78, 54].
Fig. 49 shows the pressure dependence of the dHvA

frequency and the cyclotron effective mass M, in

CeRhIns. A marked change of the dHvA frequencies
occurs above P, =2.35 GPa [54]. The detected dHVA
frequencies above P. ~ 2.35 GPa are consistent with those
of a non-magnetic heavy-fermion superconductor CeColns
of which the dHVA branches are well explained by the 4f-
itinerant band model [31]. A change of the 4f-electron
nature from localized to itinerant is realized at P.~2.35
GPa, revealing the first-order phase transition, together
with a divergent tendency of the cyclotron effective mass

m: at P.. The appearance of superconductivity in

CeRhlns is closely related to the present heavy-fermion
state.

Here, the number of valence electrons in CeColns is
28, as shown in Table 6, because the 4f electron in the Ce
atom becomes itinerant at low temperatures, as noted
above. CeColns thus becomes a compensated metal.
Namely, the volume of the electron Fermi surface is equal
to that of the hole Fermi surface. The same number of
valence electrons is realized in a Pauli paramagnet
ThRhIns, where the electronic configuration is [Rn]6d*7s*
in the Th atom.

We show in Fig. 50 the angular dependence of the
dHvA frequency in CeColns and ThRhIns. The detected
dHvA branches named o; and B, in ThRhIns are
approximately the same as those of CeColns [79]. The
cyclotron mass is, however, highly different between
them. The cyclotron mass in CeColn at low fields is
estimated as 100mg in branch 3, and 30 mg in branches o,
as shown in Fig. 51. The large cyclotron mass in CeColns
is field-dependent, and decreases as a function of the
magnetic field. This is characteristic in heavy fermions.
These cyclotron masses are large compared with 0.87 mg
in branch 3, and 0.89 - 0.95 mg in branches o; in ThRhIns.
The large cyclotron mass in CeColns is mainly due to the
many-body Kondo effect. It is clarified from the energy
band calculation that the 4f-electron contribution to the
density of states at the Fermi energy is about 70 % in
magnitude.

The characteristic features of superconductivity in
CeColns are as follows. Superconductivity is of the

dx2_y2 type, with line nodes along the [0 0 1] direction on

the quasi-two dimensional Fermi surfaces, which was
clarified from the angular dependence of the thermal
conductivity in magnetic fields [80]. We show
schematically the gap with the line nodes in Fig. 52. The
first-order phase transition from the superconducting
mixed state to the normal state occurs at H,, [81], as
shown later in Fig. 69(b). The Fulde, Ferrel, Larkin,
Ovchinikov (FFLO) state most likely exists in the
superconducting mixed state close to H, at temperatures
far lower than Ty, = 2.3 K[82, 83]. These are closely
related to the strong Pauli paramagnetic effect in the
present superconductivity of CeColns.

CeTlng ThTIng UTGag NpTGa, PuTGag
Co Fe | Co Ni Fe Co | Ni Co
SC AF AF AF | AFF SC
23K 86K p| | 118K | 47K | 30K o| [ 185K

| NO.T5pg) | | (086 g b (08 po | (0.8 )
Rh Rh Ru Rh Pd Rh Rh
AF AF AF SC
IRK, 30K b K b 9K
(0.8 pg ) (0.33pg) (0,96 1
Ir Os Ir Pt Pt
SC AF AF
4K WK b 26K u
10,32 g ) 0.5 py)

Fig. 44. Electronic states in CeTlns, ThRhins and
AnTGas, where AF, F, and SC correspond to
antiferromagnetism, ferromagnetism and
superconductivity, respectively. The  transition
temperature (the magnitude of the magnetic moment in
the ground state) are shown. The magnitudes of magnetic
moments indicated by a, b and c are cited from
refs. [72] [73] [74], respectively.
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We show in Fig. 53(a) the temperature dependence of
the magnetic susceptibility. The susceptibility increases
steeply with decreasing temperature, but a sudden drop of
the susceptibility occurs below T, = 2.3 K due to the onset
of superconductivity. This is not usual. In the case of a
typical heavy fermion superconductor UPt;, the magnetic
susceptibility has a maximum at T,m =20 K, and
becomes constant at temperatures lower than T,y , as
shown in Fig. 2. Superconductivity occurs below Ty, = 0.5
K. This means that superconductivity is realized after the
heavy fermion state is completely formed. On the other
hand, the heavy fermion state is not completely formed at
Ts. = 2.3 K in CeColns.

This can be seen in the specific heat data. Figure 54
shows the temperature dependence of the specific heat in
the form of C/T under magnetic fields. The value of C/T
increases with decreasing temperature under magnetic
fields. The y value is 380 mJ/Kmol at T, = 2.3 K, but is
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extremely enhanced to be 1070 mJ/K?mol at 0.2 K. Note
that the upper critical field Hi,= 49.5 kOe for H|| [0 0 1].
The specific heat in the form of C/T in the normal state
(under H = 60 kOe) does not saturate at low temperatures,
but increases with decreasing temperature. The nature of
the non-Fermi liquid state is thus observed in the specific
heat, together with the magnetic susceptibility. This is also
observed in the electrical resistivity. The electrical
resistivity follows a T-linear dependence below 10 K, as
shown in Fig. 48(d). Moreqyer, the upper critical field He,
(0) and cyclotron mass M_ decrease monotonically with
increasing pressure [84]. These results indicate that the
electronic state of CeColns is very close to the quantum
critical point at ambient pressure.

Temperature (K)

Pressure (GPa)
Fig. 47. Pressure phase diagram in an antiferromagnet CeRhins.
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Fig. 49. Pressure dependence of (a) the dHVA frequency
and (b) the cyclotron mass in an antiferromagnet
CeRhlns.

The next compound is a Pauli paramagnet UFeGas
with the number of valence electrons, 29, as shown in
Table 6, where the electronic configuration is
[Rn]5f6d'7s? in the U atom and [Ar]3d°4s” in the Fe
atom. Here we briefly note the electronic states in UTGas.
Figure 55 shows the temperature dependence of the
magnetic susceptibility. UTGas (T: Fe, Ru, Os, Co, Rh, Ir)
compounds are Pauli paramagnets, while UTGas (T: Ni,
Pd, Pt) order antiferromagnetically.

We show in Fig. 56 the angular dependence of the
dHvA frequency and the corresponding theoretical one for
UFeGas [85]. The detected dHvVA branches are consistent
with the theoretical ones based on the 5f-itinerant band 15
electron-Fermi surfaces shown in Fig. 57. The Fermi
surface consists of a corrugated but cylindrical Fermi
surface and a lattice-like Fermi surface. The cyclotron
mass is relatively large, ranging from 2.4 to 9.9 mg: 9.2 m
for branch o; and 9.9 my for branch a. The theoretical band
mass is about half of the experimental one, which is
consistent with a relation between y = 40 mJ/K?mol and
the theoretical one yy=19.6 mJ/K’mol.

In a Pauli paramagnet UCoGas with the number of
valence electrons, n = 30, as shown in Table 6, we
observed dHvVA branches with small dHvVA frequencies,
indicating a semimetal [86]. We show in Fig. 58 the
angular dependence of the dHVA frequency. Three kinds
of dHvA branches named a, b and ¢ correspond to small
ellipsoidal Fermi surfaces. We constructed the Fermi
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surfaces by using the present dHVA data so as to become
the semimetal with equal volumes of electron and hole
Fermi surfaces, as shown in Fig. 59. The Fermi surface
consists of small band 15-hole Fermi surfaces (branches b
and ) and a small band 16-electron Fermi surface (branch
a) because one more valence electron is added, compared
with that in UFeGas, and the number of valence electrons
is 30 in UCoGas, revealing a compensated metal or a
semimetal. The y value of UCoGas is small, y = 3.3
mJ/Kmol, which corresponds to a light cyclotron mass of

m: =0.82 in branch a for H|| [0 0 1].

The next compound is UPtGas with the number of
valence electrons, h = 31, as shown in Table 6. UPtGas is,
however, an antiferromagnet with the Néel temperature Ty
=26 K and a small ordered moment p= 0.32up /U, as
shown in Fig. 60 [87]. UPtGas is supposed to be a 5f-
itinerant antiferromagnet, similar to UGas. It is however,
noticed that the magnetic susceptibility follows the Curie-
Weiss law above 500 K, with effective magnetic moments
of 3.5 and 3.2pug /U for H|| [0 0 1] and [1 O O],
respectively, as shown in Fig. 61 [61]. These effective
moments are close to the free ion value of ps = 3.58 g
/U for 5f (U*") or = 3.62uz /U for 5f° (U*"), as shown by
a solid line in Fig. 61, indicating the localized nature of 5f
electrons at high temperatures.

A ferromagnetic coupling in the basal (0 0 1) plane
was observed by the neutron scattering experiment, which
is stacked along the [0 O 1] direction with an
antiferromagnetic (T 1) sequence, as shown in Fig. 60 .
Therefore, the magnetic unit cell becomes doubled,
containing the 62 valence electrons. In other words, the
magnetic Brillouin zone becomes flat along the [0 0 1]
direction.
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Fig. 50. Angular dependence of the dHVA frequency of
(a) a non-magnetic heavy-fermion superconductor
CeColns and (b) a Pauli paramagnet ThRhins.

We show in Fig. 62 the angular dependence of the
dHvA frequency in the antiferromagnetic state. The
detected dHVA branches named o, o,, o3 and y and €

roughly follow the 1/cos6 dependence (0: the tilted angle
from [0 0 1] to [1 0 0] or [1 1 0]), revealing cylindrical
Fermi surfaces. These branches are well explained by the
spin (orbital)-polarized 5f-itinerant band model, as shown
in Fig. 62(b) [88]. The Fermi surface shown in Fig. 63
consists of four kinds of corrugated but cylindrical Fermi
surfaces. Branches €, a3, a; , o, and y correspond to orbit
a of the band 31-hole Fermi surface, orbits d; and d,(band
32-electron), orbits e; and e, (band 33-electron) and orbits
and (band 30-hole), respectively. The cyclotron effective
masses are relatively large: 20 mg (branch &), 24 my
(branch ), 13 and 10 my (branches , , respectively) and 10
mo (branch y). These values are consistent with y = 57
mJ/K’mol. It is stressed here that the almost localized
nature of the 5f electrons at high temperatures is changed
into the 5f-itinerant character, with a small ordered
moment of 0.32pp /U.

| |
_ Lo : CeColng; —
3 § . HI/{001]
H; I ! ]
i & § 025K 1
= B 2 7
S 05 3 4@
: Hc? :
0 | | ]
! | I
I 3 CeColn
L H, 5 |
100¢ B, HW[001]]
~ I P, ]
o el P 1®
= S50 '\. E
ol : | s
0 50 100 150 200

Magnetic Field (kOe)
Fig. 51. Field dependence of the cyclotron mass in CeColn.s

< g

[001]

¢ hode

(a) (b)
Fig. 52. Schematic pictures of the two dimensional
superconducting gap with (a) an isotropic gap and (b) a
line node gap.
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Fig. 53. Temperature dependence of the magnetic susceptibility
in (a) CeColns, (b) PuRhGas and (c) NpPdsAl,.

(a) CeColny H=0 kOe
000F  HI[001] 19z

o

C./ T (mI/K™ mol)

1000}

7

C,/ T (ml/K™ mol)

500 f . -

n i I n L i i i N
0 5 10
Temperature (K)
Fig. 54. Temperature dependence of the electronic
specific heat in the form of in (a) CeColns and (b)
NpPdsAl,.

The similar magnetic structure is realized in an
antiferromagnet NpRhGas, and the corresponding angular
dependence of the dHvVA frequency is similar to that of

UPtGas, as shown in Fig. 64 [89]. The magnetic property
of NpRhQGas is very interesting. There are two successive
antiferromagnetic transitions at Ty; = 36 K and Ty, = 32
K. The magnetic structure in the temperature range from
Ty to Ty, is the same as that in UPtGas [90]. We show in
Fig. 65 the magnetic phase diagram for H|| [0 0 1][91].
Below , the direction of the magnetic moment changes
abruptly from [0 0 1] to [1 1 0]. The ordered moment is
most likely enhanced from 0.6pg /Np to 0.96pg /Np. The
former value is an ordered moment, estimated under the
assumption that the AF1 phase persists down to 0 K
without the magnetic transition at Ty,. The latter value of
0.96pg /Np is determined experimentally at low
temperatures far below Ty, . It is theoretically pointed out
that the quadrupolar interaction plays an important role on
this transition at Ty, [92].

Here we note that NpTGas order
antiferromagnetically, which are in contrast with the
electronic states in UTGas, indicating paramagnetism and
antiferromagnetism, as shown in Fig. 44. Moreover, the
ordered moments in neptunium compounds are roughly
twice larger than those in uranium compounds. This is the
reason why the magnetic moment at the Np site is of the
localized character. The 5f electrons, as it were, possess
the dual nature: the local moment at the Np site and the
contribution of the 5f electrons to the volume of the Fermi
surface. It is important to consider the quadrupolar
interaction for the wunderstanding of the high-field
magnetization in NpRhGas [91].

The discovery of non-magnetic heavy-fermion
superconductors PuCoGas ( Ty= 18.5 K) and PuRhGas
(Tse = 9 K) has attracted attention because of its high Ty,
and unconventional superconducting properties [93, 94].
The susceptibility of PuRhGas increases with decreasing
temperature, following the Curie-Weiss law with an
effective magnetic moment of the 5f° (Pu®") configuration,
but indicates a sudden drop of the susceptibility due to
onset of superconductivity [95], as shown in Fig. 53(b).
From the result of the upper critical field, the topology of
the Fermi surface is most likely cylindrical as in CeColns,
as shown in Fig. 66(a)[95], although the dHVA
experiment was not carried out because of the high H,
value at lower temperatures. Theoretically, three kinds of
cylindrical Fermi surfaces are proposed on the basis of the
Sf-itinerant band model for PuCoGas [96], as shown in
Fig. 67(a).

Finally we note the recently discovered
superconductivity of NpPdsAl, with the tetragonal
structure [97]. The crystal structure of NpPdsAl, is similar
to the tetragonal structure of CeColns and PuCoGas, as
shown in Fig. 68. The5s?5p' (4s’4p') electrons of the
In(Ga) atoms in CeColns (PuCoGas) are, however,
replaced by the 4d electrons of the Pd atom in NpPdAl.
The 4d electrons are well hybridized with the 5f electrons,
and produce the strongly correlated conduction electrons.
NpPdsAl, does not order magnetically. The corresponding
magnetic susceptibility increases steeply with decreasing
temperature, but a sudden drop of the susceptibility occurs
below T, = 4.9 K due to the onset of superconductivity, as
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shown in Fig. 53(c). This is very similar to that in
CeColns. The electronic state of NpPsdAl, is found to be
located in the vicinity of the antiferromagnetically ordered
state from the results of the magnetic susceptibility
mentioned above and the negative value of the
paramagnetic Curie temperature. In fact, the y value is
large, v = 200 mJ/K?mol at Ty, = 4.9 K, and is enhanced to
be 390 mJ/K’mol at 0 K from the entropy balance, as
shown by the dotted line in Fig. 54(b). Furthermore, the
low-temperature electrical resistivity does not follow the
Fermi liquid relation, but indicates a T-linear dependence,
as shown in Fig. 48(d). The large paramagnetic effect is
reflected in the strong suppression of the upper critical
field, as shown in Fig. 66(c) and the step-like increase of
the magnetization at Hg,, as shown in Fig. 69(a). In the
case of a typical d-wave superconductor CeColns, it is
clarified that a large paramagnetic effect produces a first-
order phase transition at He, , namely the step-like increase
of the magnetization, below temperatures lower than 0.3
Ts (Tse = 2.3 K), as shown in Fig. 69(b) [81]. The similar
phenomenon is realized in NpPdsAl,. Surprisingly, the
step-like increase of magnetization is observed up to a
high temperature of 3 K (= 0.6 Ty, ).

4t UFeGa, 1 UCoGas - | UNiGa -

% ( x10” emu/mol)

ol
0 100 200 0 100 200 0 100 200 300
Temperature (K)

Fig. 55. Temperature dependence of the magnetic
susceptibility in UTGas (T: transition metal).

It is noticed that the normal and superconducting
properties of NpPdsAl, are very similar to those of
CeColns, but the anisotropy of the magnetic susceptibility
and the upper critical field is different from each other. If
we simply analyze the anisotropy of the upper critical field
from the so-called effective mass model, it is deduced that
the Fermi surface is of a pan-cake shape. The
corresponding Fermi surface based on the 5f-itinerant band
model is, however, quasi-two dimensional, as shown in
Fig. 67(c) [98]. It might be necessary to consider the
anisotropic spin susceptibility between H|| [1 0 0] and [0 O
1], because the upper critical field is suppressed due to the
large paramagnetic effect.

(b) Theoretical
UFeGas T:

(a) Experimental

5| UFeGag | P s

dHvA frequency(x10” Oc)
dHvA frequency (x10” Og)

0 Il L 1 L Lol [ -

9060 30 0 30 60 90(0) 45 9) 60 30 0 30 60 90i0) 45
] [001] [roo] [110] [11o] [001] [1oo] [1i0]
Field Angle (Degrees) Field Angle (Degrees)

Fig. 56. Angular dependence of the dHVA frequency and the
theoretical one in a Pauli paramagnet UFeGas.

6. Summary

The various kinds of electronic states in the cubic RX;
and AnX; compounds, and the tetragonal RTXs and
AnTXs compounds are studied from the point of view of
Fermi surface  properties and  unconventional
superconductivity, which are summarized as follows:

1) The Fermi surface properties in RX; and AnXj; are
mainly discussed from a divalent (Yb*") Pauli paramagnet
YbIn; to a paramagnet Puln;, passing through a non-4f
reference compounds Laln;, an antiferromagnet NdIn;, an
antiferromagnetic Kondo compound Celn;, Celn; under
pressure, another divalent (Yb*") Pauli paramagnet YbPbs,
another non-4f reference compound LaSn;, an enhanced
Pauli paramagnet UAl;, a 4f-itinerant CeSn;, Sf-itinerant
USi;, UGe; and USn;, another enhanced Pauli paramagnet
NpGe;, including antiferromagnets UGa;, Uln; and Npln;.

Fig. 57. Theoretical band 15 electron-Fermi surfaces
based on a 4f-itinerant band model in a Pauli
paramagnet UFeGas.
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Fig. 58. Angular dependence of the dHVA frequency in a
Pauli paramagnet UCoGas.

[001] UCoGas

—> [010]

[100]

Fig. 59. Proposed Fermi surfaces in a Pauli paramagnet
UCoGas.

It is clarified from the results of dHVA experiment and
energy band calculation that the topology of the Fermi
surfaces in enhanced paramagnets such as CeSnz;, UAl;,
UX; (Si, Ge, Sn), NpGe; and Puln; is well explained by
the f-itinerant band model. A marked change of the
electronic states is observed in the dHVA experiment under
pressure. The antiferromagnet Kondo compound Celn; is
found to be tuned to a non-magnetic heavy fermion
compound at pressure P.= 2.6 GPa. Unconventional d-
wave type superconductivity appears in this pressure
region. The first-order phase transition from the 4f-
localized electronic state to the 4f-itinerant state occurs at
P.=2.6 GPa. The similar phase transition occurs in an
antiferromagnet Kondo compound CeRhlns at P, = 2.35
GPa.

2) The Fermi surface properties are also studied in
RTX;5 and AnTX;s. The Fermi surface properties of high-
quality single crystals of RTXs and AnTXs are discussed

from a non-4f reference compound LaRhlIns to the non-
magnetic heavy-fermion superconductors PuCoGas and
PuRhGas, passing through an antiferromagnet CeRhlns,
CeRhIns under high pressure, a heavy-fermion
superconductor CeColns, another reference compound
ThRhlns, a paramagnet UFeGas, a semimetal UCoGas, and
antiferromagnets UPtGas and NpRhGas. These compounds
are quasi-two dimensional, except UCoGas, possessing
nearly cylindrical Fermi surfaces. It is interesting to note
that the superconducting transition temperature T, = 0.2 K
in Celns at 2.6 GPa with the three-dimensional electronic
state is enhanced up to T, = 2.3 K in CeColns, and
furthermore T, = 18.5 K in PuCoGa. The corresponding
electronic specific heat coefficient is about 1000 mJ/Kmol
in Celns around 2.6 GPa, 1070 mJ/K?*mol in CeColns and
77 mJ/K*mol in PuCoGas. A relatively large band width,
together with quasi-two dimensionality, enhances the Tj,
value, which can be extended to a large Ty, value of high-
cuprates, where the itinerant 3d-electrons in the CuO,
plane are responsible for superconductivity.

[100]

Fig. 60. Antiferromagnetic structure of UPtGas.

1000 T T

500

1/ (molfemu)

- UPtGa,

(J 1 | 1
0 400 800

Temperature (K)

Fig. 61. Temperature dependence of the inverse magnetic
susceptibility in UPtGas. A solid line corresponds to the
free ion value of and 5 configurations.
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3) It is emphasized that superconductivity of CeColns
and NpPdsAl, is realized in an incomplete heavy fermion
state. The usual heavy fermion state is formed below T,max
~ 20 K and superconductivity occurs far below Tyma ,
namely at Ty, = 0.5 K in UPt;, for example, whereas the
magnetic susceptibility in CeColns and NpPdsAl,
increases steeply at low temperatures but drops below T,
=2.3 K in CeColns and Ty, = 4.9 K in NpPdsAl, due to the
onset of superconductivity. The corresponding electronic
specific heat coefficient in CeColns is 380 mJ/K?mol, but
is enhanced to be 1070 mJ/K’mol at 0.25 K, which were
clarified by measuring the specific heat in magnetic fields.
Similar behavior of the specific heat is most likely realized
in NpPdsAl,. This is the reason why the Fermi liquid
nature is broken in both compounds under zero magnetic
field. On applying pressure, both compounds approach the
Fermi liquid nature, and loose considerably the heavy
fermion state. Correspondingly, superconductivity
disappears completely at pressures higher than 4.5 GPa in
CeColns [84, 99] and 5.5 GPa in NpPdsAl,[100]. Both
compounds are thus located in the vicinity of the quantum
critical point, and are accelerated to deviate from the
quantum critical point with increasing pressure. The
present incomplete heavy fermion state corresponds to a
kind of the magnetic state, although the magnetic ordering
is not realized. It is thus suggested that the strongly
correlated conduction electrons might choose the magnetic
state instead of phonons to form Cooper pairs with the d-
wave type. Further experiments are necessary to clarify the
superconductivity for these compounds, which are left to
future studies.

dHvA Frequency (x I(JT Oe)
Ln

0 L I L . L I
90 60 30 0 30 60 90 G9D 60 30 0 30 60 90
H/1 0] [001] [100][110] [001] [100]

L | L

Field Angle (Degrees) Field Angle (Degrees)

Fig. 62. Angular dependence of (a) the dHvA frequency

and the theoretical one based on the spin (orbital)-

polarized 5f-itinerant band model in an antiferromagnet
UPtGas.
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Fig. 63. Theoretical Fermi surfaces based in an
antiferromagnet UPtGas.
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Fig. 64. Angular dependence of the dHVA frequency in an
antiferromagnet NpRhGas.
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Fig. 65. Magnetic phase diagram for H|| [0 0 1] in NpRhGas.
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Fig. 66. Temperature dependence of the upper critical
field in (a) PuRhGas, (b) CeColns and (c) NpPdsAl,.
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Fig. 68. Crystal structure of actinide superconductors (a)
NpPdsAl, and (b) PuCoGas.
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Fig. 69. Magnetization curves of (a) NpPdsAl, [97] and
(b) CeColns [81], revealing a step-like increase of the
magnetization at H, .
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