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Abstract  

The present situation with respect to understanding rare earth and transition metal compounds is reviewed briefly. Ideas 
essential to the understanding of anomalous heavy fermion rare earth compounds are described in detail by selecting Ce- 
monopnictides as a typical example. The Kondo state is considered as a typical charge screening mechanism. In the low 
carrier density systems, the magnetic polaron liquid is shown to play an important role. In general, the unrestricted Hartree-Fock 
band picture is applicable to the 4f states. General ideas to explain the anomalous heavy fermion U-compounds are presented 
by borrowing ideas from the 4f and 3d systems. For the anomalous U-compounds, the unrestricted Hartree-Fock picture is 
proposed to be applicable. Anomalous properties in U-monopnictides and U-monochalcogenides are studied in detail based 
on the above described ideas, in particular the unrestricted Hartree-Fock picture. It is shown that the main anomalous 
properties are explained consistently. 
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1. Introduction 

The study of rare earth compounds began in the 
1950s when the technique to separate various rare earth 
elements showed remarkable improvement. The first 
high quality materials obtained were heavy rare earth 
metals, and various interesting novel transport and 
magnetic properties were observed, in particular through 
neutron scattering measurement, a technique newly 
developed at that time. The essential characteristic that 
differentiates 4f electrons from 3d electrons is the strong 
localization, a much smaller radius than those of the 
5s and 5p closed shells, and thus a well screened state. 
The direct f-f  exchange interaction between different 
lattice sites is therefore very weak and the main in- 
teraction should be indirect interactions induced 
through other freedoms. In the heavy rare earth metals, 
the most important interactions are the intra-atomic 
4f-5d and 4f-6s exchange interactions and then, by 
treating the 5d and 6s electrons as the usual band 
states, everything including the magnetic and transport 
properties is governed by the conduction band electrons, 
in particular a pair of fiat Fermi surfaces perpendicular 
to the c-axis causing a strong nesting character. The 
study initiated by Kasuya [1] and summarized in Ref. 
[2] became the paradigm for the metallic rare earth 
compounds. 
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Eu-chalcogenides, EuXc for X c = O ,  S, Se and Te, 
with a simple NaCI type structure were the first typical 
non-metallic rare earth compounds to receive intense 
investigation because high quality single crystals were 
prepared successfully. Anomalous transport properties, 
including metal-insulator transition, anomalous mag- 
neto-optical properties including anomalous red shift 
of the absorption peak, and a rich variety of magnetic 
properties depending on the type of chalcogen and a 
small doping of carrier were the main attractions; the 
key concept to explain these anomalous properties was 
that of the magnetic polaron [3,4]. It was determined 
that the nearest neighbor, NN, exchange interaction is 
ferromagnetic and depends strongly on the Eu-Eu  
distance, while the next nearest neighbor, NNN, ex- 
change interaction through the chalcogen, Eu-Xc-Eu,  
is the usual antiferromagnetic superexchange interac- 
tion. The origin of this unusual ferromagnetic exchange 
interaction was attributed to the following mechanism 
[5]: a 4f electron on the central Eu atom mixes with 
the same f-symmetry wave function formed mainly by 
the 5d states on the NN Eu sites and this 5d electron 
aligns the 4f spins on the NN Eu through the intra- 
atomic d- f  exchange interaction. Indeed, this mechanism 
could explain the strong Eu-Eu distance dependence 
very well. In optical absorption, a 4f electron at the 
central Eu is excited to a 5d state in the same Eu 
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atom. This is a typical intra-atomic f-d exciton and 
this 5d electron extends on the NN Eu sites and polarizes 
their spins, or is subject to the d-f exchange field when 
these Eu spins are aligned ferromagnetically. This is 
the origin of the anomalous red shift of the f-d magnetic 
exciton [6,7]. When one 5d electron is created by doping, 
it polarizes the surrounding Eu spins through the d-f 
exchange interaction and is trapped in this exchange 
field. This is the self-trapped magnetic polaron, similar 
to the self-trapped phonon polaron studied before by 
Landau (see Ref. [8] and references therein). However, 
the magnetic polaron is much more complicated and 
shows various novel properties because the spin po- 
larization depends strongly on temperature T, magnetic 
field H, and pressure P (see, for example, Ref. [9] and 
the references in Ref. [10]). In particular, it shows a 
critical fluctuation effect near the magnetic ordering 
temperature. In EuXc, however, carrier doping was 
done by substituting Eu by a trivalent rare earth atom 
R 3 + such as La or Gd, or by chalcogen defects, obtaining 
a defect-trapped magnetic polaron or magnetic impurity 
state, where the main binding force is impurity potential. 
These trapped magnetic polarons cause various anom- 
alous transport properties including a metal-insulator 
transition. The above-mentioned studies were per- 
formed mainly by Kasuya and the experimental group 
at IBM as a collaborative work [11]. 

The impurity Kondo problem was first studied on a 
3d transition metal impurity such as Ni, Fe and Mn 
in, for example, Cu. In these systems, however, the 
impurity concentration must be very tow, much less 
than 1%, to obtain the real impurity Kondo effect 
because strong magnetic interaction between impurities 
destroys the impurity Kondo effect very easily (for a 
review see Ref. [12] and references therein). From 
early 1970, however, the dense Kondo effect, or more 
generally the valence fluctuation phenomena causing 
heavy fermion characteristics, was found in several rare 
earth metallic compounds, in particular in Ce and Sm 
compounds, and attracted much attention. In the rare 
earth compounds, in general, the intersite magnetic 
interaction is weak and thus even in 100% pure rare 
earth compounds the impurity Kondo effect is observed 
at high temperature. At tow temperature, however, 
because of crystalline perfection, the Kondo states form 
a kind of coherent state, called heavy fermion, which 
shows various anomalous behaviors, such as a gap state, 
called the Kondo insulator, anomalous superconduc- 
tivity and various unusual magnetic states caused 
through competition between the Kondo state and the 
intersite magnetic interactions. In the low carrier sys- 
tems, the long-range Coulomb interaction becomes dom- 
inant and thus the competition with the Wigner crystal 
formation supported by the magnetic polaron formation 
mentioned above becomes the main problem. Even 
though there are still many unsolved problems on the 

above anomalous properties, we have a qualitative 
understanding of the fundamental characteristics, in 
particular for the Ce and Yb compounds. A more 
detailed description will be given in the next section. 

The study of the 3d transition metal compounds, in 
particular of the magnetic metals such as Ni and Fe, 
has a long history and we know now that at least for 
the typical metallic magnetic materials the usual 3d 
band model can be a good starting base for a detailed 
investigation. Indeed, the Fermi surface observed by 
the de Haas van Alphen effect, dHvA, is well reproduced 
by the band calculation [13] and the spin wave dispersion 
is reproduced very well by the dynamic magnetic sus- 
ceptibility x(q, o~) calculated through the band model 
[14]. Optical properties, such as angle-resolved pho- 
toemission spectra, ARPES, detecting the band states 
below the Fermi energy Ev, are also consistent with 
the band model including some modification due to 
interaction and lifetime broadening [15]. In contrast, 
in some insulator magnetic systems, an approach from 
a localized picture similar to that in the rare earth 
compounds is applicable. In the high Tc materials of 
the layered CuO2 type, a typical low carrier density 
system, similar to some low carrier density rare earth 
compounds such as the Ce-monopnictides, CeXp, 
Xp = N, P, As, Sb or Bi, is pointed out [16]. This will 
be treated in more detail in the next section. 

Compared with the above-mentioned 4f and 3d sys- 
tems, studies of the 5f system are scarce even for the 
most common materials, the U-compounds. However, 
study of these 5f systems is very interesting and very 
important for the fundamental physics of the electronic 
structure because in U the 5f state is more extended 
than the 4f state, but still situated inside the 6s and 
6p closed shells and thus much more localized than 
the 3d state, that is, in between the 4f and 3d states 
and thus connecting these two systems. Therefore, the 
U-compounds are really situated in between the lo- 
calized and the itinerant states and various novel prop- 
erties are expected for materials at the boundary. 
Indeed, the U-compounds belonging to such a boundary 
region show various novel anomalous properties. Some 
of them seem to be similar to, but not the same as, 
the heavy fermion character in rare earth compounds. 
The clearest difference is seen in PES and IPES, inverse 
photoemission spectra, or BIS, in which no essential 
difference exists between the typical heavy fermion 
system and the typical 5f band system, a good typical 
metal, as well as a well localized normal magnetic 
system [17]. This characteristic is one of the most 
important clues in solving the mysteries of the U- 
compounds. 

In the following, we discuss actinide monochalco- 
genides and monopnictides, AnXc and AnXp, because 
they have the simple NaCI type crystal structure, suitable 
for theoretical treatment, and have been investigated 
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most extensively among the U-compounds. Further- 
more, their counterparts, RXc and RXp, have also 
been investigated most extensively among the rare earth 
compounds both experimentally and theoretically, and 
in particular for CeXp even quantitatively, and we now 
understand the fundamental mechanisms for their 
anomalous properties. Anomalies in AnXp are sub- 
stantially different from those in CeXp but similar in 
some fundamental characteristics. This suggests that 
even though the situation in AnXp is much more 
complicated than that in CeXp, the fundamental mech- 
anism is the same and thus modification and extension 
of the mechanism in CeXp may be applicable to solve 
the problem in AnXp, as well as in AnXc. In the next 
section, the situations in RXp and RXc are summarized. 
In Section 3, a fundamental model of the An compounds 
is discussed in comparison with that of rare earth 
compounds. In Section 4, the model is applied to UXp 
and UXc. For reasons of space we concentrate mainly 
on UXp. 
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Fig. 1. Band calculation of CeSb for the ferromagnetic ordering in 
which one 4f state with j~ = 5/2 is set below the Fermi energy, s e e n  

a s  a flat band at E=0 .10  R~. The top of the valence band is at 
E = 0.34 Ry~ on the F-point (000). This is the special F~ state mixing 
strongly with the occupied 4f state and thus pushed up by 0.034 Rya 
from other F8 s t a t e s .  The F6 doublet is split by the spin-orbit  
interaction and is situated further below the F~ s t a t e s .  The bottom 
of the conduction band is at each X-point split by anisotropic d - f  
exchange interaction. At the F-point, the 5d t2g and e s s t a t e s  are 
split due to the crystal field effect with the t2g state lower. 

2. Summary of mechanisms in rare earth 
compounds 

For the sake of brevity, we will concentrate on the 
mechanisms in CeXp. It is now well established that 
there are two well separated regimes in Ce and Yb 
compounds. Because the situation in Yb can be under- 
stood from that in Ce via electron-hole symmetry, we 
will mainly discuss the Ce-compounds. In the first 
regime, the Fermi surface can be reproduced very well 
by the usual 4f band model, similar to the metallic 3d 
systems, and this regime is called the valence fluctuation 
regime [18]. Even in this regime, some materials show 
a fairly strong heavy fermion character. For example, 
in CeRu2Si2, the y-value, the coefficient of the T-linear 
specific heat at low temperature, is more than 300 mJ 
mol-1 K-2 and the effective mass is enhanced by more 
than 100 times. Such a material is situated close to 
the boundary between two regimes and thus has strong 
low-frequency spin fluctuation. The strong mass en- 
hancement is due to this spin fluctuation, essentially 
a similar singularity effect at the Fermi surface as in 
the electron-phonon interaction case. 

For a material in the Kondo regime, one 4f electron 
is below the Fermi energy and thus the other 13 states 
are above the Fermi energy separated by the effective 
4f correlation energy Uf. Therefore, this situation cor- 
responds to the unrestricted Hartree-Fock model, 
URHF [18]. The conventional band calculation using 
the local density approximation, LDA, cannot handle 
URHF. Therefore, a more flexible method should be 
used [19]. Then the Fermi surface of CeSb can be 
reproduced very well by this type of URHF 4f band 
model, as shown in Figs. 1 and 2 [19,20]. In the Kondo 

regime, however, the band picture, or the quasiparticle 
picture, is applicable only very near the Fermi energy, 
markedly different from that of the 3d metallic systems 
mentioned before. This difference stems from the fol- 
lowing fact. In the 3d systems such as Ni and Fe, the 
intra-atomic d-d Coulomb interaction is strongly 
screened by the 4s-3d Coulomb interaction and thus 
the effective d-d correlation energy Ud in the metallic 
crystal is small, less than 2 eV, or about 1 eV in Ni 
and Fe while the 3d bandwidth is more than 3 eV, 
causing the 3d band picture to be fairly good. In the 
4f systems, the screening by the 5d electron is not 
sufficient and thus the effective f-f correlation energy 
Uf is large, typically about 7 eV in the Ce-compounds. 
Conversely, the 4f bandwidth, which is caused through 
c-f mixing, is about 1 eV, as seen in Fig. 1. Therefore, 
fundamentally, the atomic many-body character is kept 
well even in metals. Indeed, the 4f PES and BIS spectra 
show a clear atomic structure based on the LS coupling 
scheme. Therefore, the quasiparticle picture is appli- 
cable only very near the Fermi surface. As shown by 
Luttinger [21], as long as the perturbation with respect 
to the Coulomb interaction does not diverge, the 
Fermi liquid model with quasiparticles is applicable at 
least near the Fermi energy, where the inverse life- 
time of the quasiparticle ~.-1 increase proportionally 
t o  ( E - E F )  2. This means also that ~--1 is proportional 
tO T 2, and the charge fluctuation is weak near the 
Fermi energy. In contrast, because the local magnetic 
moment is strong, there is strong low frequency spin 
fluctuation. Owing to this strong fluctuation, ~.-1 in- 
creases linearly with E - E  F and T except very near EF, 
destroying the quasiparticle, and the effective mass is 
enhanced strongly at EF. This is often called the de- 
coupling of spin-charge fluctuations. 
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Fig. 2. Observed Fermi surface cross-section A is shown by open 
and closed circles and triangles, while the calculated results are 
shown by solid lines. The dashed line is the result of an improved 
calculation. The/34 branch corresponds to the hole surface particularly 
pushed up by the occupied 4f state through the p - f  mixing effect, 
as shown in Fig. 1. 

The high-frequency phenomena should therefore be 
explained with local picture. A typical example is seen 
in the measurement of the occupied 4f level. We cannot 
observe the 4f level within the ground state. The most 
common and unique method to observe the occupied 
4f level spectra is resonance 4f PES, in which a 4f 
electron is excited out and the final state energy spectrum 
is observed. This is the physically observable occupied 
4f level spectrum in many-body systems. In the final 
state, the created 4f hole is screened in various ways 
and there are two main screening processes, the bonding 
and antibonding c-f Kondo screenings, and then a two- 
peak structure appears as shown in the following. 

The usual model of charge screening in metals is 
the conventional one-particle band picture, that is, to 
solve the one-particle state self-consistently including 
the potential of the created hole [22]. This is, however, 
not the true screening state because of the lack of the 
many-body effect due to the Coulomb interaction be- 

tween the conduction band electrons. Indeed, the bare 
intra-atomic 5d Coulomb energy, Udd, is as large as 10 
eV. When Udd is very large, the screening is done by 
one 5d electron because this is the best way to avoid 
Udd. The real situation falls between the above two 
limiting cases. A typical example of charge screening 
occurs when a core electron is removed from the central 
Ce atom. Then we have the core X-ray photoemission 
spectra, core XPES. This is a typical high-frequency 
phenomenon because the created core hole is filled 
very quickly causing a large lifetime broadening in each 
peak. Because of the high-frequency process in the 
sense mentioned above, the phenomenon is very local 
and the electron cannot go beyond the NN sites. Then 
a typical 5d screening is given by the p--d bonding 
Kondo state given in the zeroth approximation by 

(cq) + Ec~,cd~,d~, + )10 > (1) 

for the case of CeX, for example, where d~ + is the 
creation operator of a 5d state of/,-symmetry on the 
central Ce atom, Cd~, is the annihilation operator of 
the band electron of d~ symmetry formed mainly from 
the p-states on the NN X-sites and ao and a~ are 
numerical parameters. The real situation is more com- 
plicated [23] and Eq. (1) is a simplified form for the 
bonding p-d Kondo state. In the p-d antibonding Kondo 
state, the sign of a~, changes. In the typical bonding 
and antibonding Kond states, the charge neutrality is 
kept very well, indicating that the core hole charge is 
nearly completely screened by the 5d electrons [23]. 
There are many other higher energy screening states, 
in which the charge neutrality is no longer satisfied, 
but their probabilities are small and thus are not well 
observed. In the case of the core spectra at X, however, 
the second excitation peak is also observed in agreement 
with the calculation [23]. Because of the much larger 
value of p~t mixing compared with p-f mixing, the 
energy splitting between the p-d bonding and anti- 
bonding Kondo states is estimated to be about 10 eV 
in CeX, in good agreement with the experimental result. 

It is also possible to screen the core hole charge 
through the 4f electrons with a lower screening energy. 
As mentioned before, the effective 4f correlation energy, 
6 eV, means that the 4f screening energy may be about 
6 eV lower than that for the 5d electron. Indeed, the 
calculation including both the 5d and 4f screening shows 
that the peak of the p-f bonding Kondo screening is 
about 5 eV below that of the p-d bonding Kondo 
screening [23]. Therefore, this is the best screened peak. 
However, because the p-f mixing is much weaker than 
the p-d mixing, and is therefore the slower process, 
the former best screened peak is observed only as a 
shoulder of the 5d screened main peak, again in good 
agreement with the calculation. Note that the peak 
intensity is proportional to how much the final state 
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is included in the initial ground state. Because of the 
larger p-d mixing, this amount is much larger for the 
d-screening peak in which one more 5d electron is 
included. Note also that the p-f antibonding Kondo 
screening peak is about 2 eV higher than that of the 
p-f bonding Kondo peak and is thus not clearly separated 
from the main peak. This is discussed below. It is also 
important to notice that because the p--d fluctuation 
is much faster than the p--f fluctuation, the latter is 
screened very well by the p--d charge polarization. 
Therefore, in the p-f  bonding Kondo state, the ao term 
in Eq. (1) is written as E,,ot~,cd~d,, +, or when this part 
is included in the background state l0 >,  the p-f  bonding 
Kondo state may be written in its simplest form as 

+ + c, L +)1o > (2) 

This means that during the 4f charge fluctuation the 
charge neutrality is always kept. For the core PES, the 
p-f Kondo electron or hole with fv symmetry is nearly 
localized on the NN sites. As the lifetime of core hole 
becomes longer, the Kondo electron, or hole, extends 
more from the central site. In the quasistatic phenomena, 
we obtain the usual Kondo state, extending well over 
the crystal using the band states near the Fermi energy. 
Therefore, the Kondo state should be recognized as 
the ground state for the charge screening of the 4f 
charge fluctuation. 

Now we come back to the resonant 4f PES. For 
CeXp, as an example, at the center site Ce under 
consideration, the 4f ° state is created and the best 
screening of the 4f hole is achieved by the p-f bonding 
Kondo state. The peak p-f bonding Kondo state changes 
from 1.2 eV to 0.8 eV as Xp changes from Bi to P 
accompanied with increasing intensity, as shown in Fig. 
3. This is because the effective 4f level, that is, the 4f 
hole screened by the 5d electrons as described above, 
approaches the Fermi energy with increasing strength 
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J l E 
~ "  EF 

Fig. 3. Schematic picture of  the 4f resonance photoemission spectra 
for CeBi and CeP. The  position of the effective 4f level, well screened 
by the 5d electron, Ef en, is shown by bars. The  p-valence band exists 
from Er  to the deeper  4f peak position with the peak near  Ef ~n. 

of p-f  mixing as Xp changes from Bi to P and in CeN 
the p--f bonding Kondo peak crosses the Fermi energy 
causing CeN to enter the valence fluctuation regime, 
a monovalent metal with the 4f band model. This sudden 
shift of the peak in CeN is mainly due to sudden 
increase in the 5d--4f mixing interaction between the 
NN Ce atoms because of the shortened Ce-Ce distance 
in CeN, which is further enhanced by a substantial 
reduction in the lattice constant because of the metallic 
bonding. Conversely, the p-f antibonding Kondo peak 
sits about 2 eV deeper than the p-F bonding Kondo 
peak mentioned above, whereas a broad p-d antibonding 
Kondo peak is expected at around 10 eV below the 
Fermi energy. However, because it is a broad peak, in 
practice it is difficult to separate it clearly from the 
background, which is strong in this energy region. As 
described above, PES and BIS give very important 
information on the 4f state and later very different 
behavior of the 5f state is shown to clarify the difference 
between them. Note that when one 4f electron is 
removed from the initial state, the effective 4f level, 
well screened by the 5d electron as mentioned before, 
sits near the center of the p-valence band and thus is 
split into the bonding and antibonding p-f  Kondo state 
in the sense described in Eq. (2). In the usual treatment 
of the p-f  Kondo model, the 5d states are not considered 
explicitly but are treated so as to screen the 4f hole, 
immediately causing the effective 4f level. This is ap- 
proximately correct to explain the low-energy part of 
the 4f PES but not correct to explain the core PES 
[23]. 

It was shown before that for the 3d metal systems 
such as Ni and Fe the 3d band model is good in the 
first approximation, even in the entire 3d band region. 
However, even in these systems, a many-body satellite 
peak appears, for example at 6 eV below the Fermi 
energy in Ni [24]. This is interpreted to be a type of 
s--d antibonding Kondo peak for the following reason. 
As stated before, the 3d hole is effectively screened 
by the 4s state and thus in Ni the following three 
configurations exist in nearly equal proportions: 3d 1°, 
3d94s, 3dS4s z. However, the 3d 7 configuration cannot 
be screened by 4s sufficiently because only a 4s z con- 
figuration is possible. Therefore, when one 3d electron 
is removed from the 3dS4s 2 configuration, the screening 
mechanism is substantially different from the other two 
cases. In the case of the first two configurations, the 
created 3d hole is immediately screened by the 4s 
electrons through the most efficient screening process, 
and then we obtain the usual 3d band state made from 
the above three configurations. For the last configu- 
ration, because the most efficient 4s screening does 
not work, the s-d bonding and antibonding Kondo 
screenings become effective. Because of the small ef- 
fective correlation energy, the s-d bonding Kondo state 
relaxes to the usual 3d band state, but the s-d anti- 
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bonding Kondo state is much deeper than the 3d band 
state and thus remains as a localized state. This is the 
6 eV satellite peak. It is often claimed that the deep 
satellite peak in Ni means a fairly strong d-d correlation. 
The above picture indicates tha t  the effective d-d 
correlation depends strongly on the 3d-4s configuration 
due to the limit of double occupation of the 4s states 
and the 3d band model is well applicable within the 
above-mentioned three kinds of d-s configuration. In 
the 5f electron case, the 6d electrons are the main 
screening charge, and thus there is practically no lim- 
itation of the type mentioned above for the screening 
by s-electrons. Except for this point, however, the 
situations in the 3d and 5f cases are similar in the 
sense of a weak correlation. 

Recently, low carrier strongly correlated systems have 
attracted much attention because the high Tc CuO2 
layered systems belong to this category as a typical 
example of the 3d systems. In the 4f systems, RXp are 
the most typical example because high-quality single 
crystals have been prepared giving detailed information 
on the Fermi surface, which is crucially important to 
understand the fundamental electronic state. Moreover, 
similarity between the above two materials has been 
stressed by the present author [20,25,26]. There are 
two main problems for low-carrier 4f systems. First, 
even in low carrier density systems, typical Kondo 
behavior with the value of TK being of the order of 
10 K is observed. As particularly stressed by Nozier, 
people wonder why a small number of conduction band 
electrons with energies within TK from the Fermi energy 
can make all the 4f systems singlet. This puzzle is 
further enhanced in the low carrier density systems. 
Moreover, the observed value of TK mentioned above 
is many orders of magnitude larger than that calculated 
as the impurity Kondo problem, which is very small 
because of the low density of state at the Fermi energy. 
Second, it is well known that in the limit of low carrier 
density the long-range Coulomb interaction overcomes 
the kinetic energy and thus a kind of electron lattice, 
called a Wigner crystal with strong quantum fluctuation, 
is formed. Owing to strong zero-point vibration, Wigner 
crystals melt easily and form a kind of liquid with 
strong local correlations. We call it a Wigner liquid, 
and it is expected to exist in a wide range of ratios 
of Coulomb and kinetic energies. In the 4f system with 
a 4f magnetic moment, magnetic polarization is induced 
in the Wigner crystal. In exactly the same but a much 
clearer sense than the doped low carrier systems studied 
before, two kinds of magnetic polaron systems are 
expected. One is the case where the localization through 
the Coulomb repulsion is dominant and then the mag- 
netic polarization is induced on the Wigner crystal. 
This case may be called a magnetic Wigner crystal, or 
weak magnetic polaron crystal. When the self-trapped 
localization due to the magnetic interaction is dominant, 

the localization range is determined primarily by each 
magnetic polaron itself. As studied before for the doped 
systems, this polaron is usually the strong polaron in 
which a nearly full magnetic polarization is achieved 
within each polaron. Therefore, the localization range 
is primarily determined by this condition. The structure 
of the magnetic polaron lattice is primarily determined 
so as to minimize the energy of the electronic state. 
Examples are shown later for CeXp. 

In the Wigner liquid state, too, when the motion of 
the charge, or spin, density is slower than a typical 
lifetime for the 4f spin polarization rm, local magnetic 
polarization is induced, enhancing the localization char- 
acter of the Wigner liquid. We call this state a magnetic 
polaron liquid. Then, the motion of the magnetic polaron 
liquid is determined primarily by ~'m, which may be a 
local longitudinal relaxation of the magnetic moment 
or spin wave velocity [9]. Therefore, we are interested 
in whether such novel states are actually realized in 
CeXp, the best quality materials we can obtain at 
present, because the magnetic polaron liquid and lattice 
are very easily destroyed by any defect, and change to 
the trapped magnetic polaron or magnetic impurity 
state mentioned before. Then, a complicated effect of 
randomness governs the anomalous properties and thus 
the intrinsic characteristics for the magnetic polaron 
are difficult to observe. 

Indeed, in CeXp we could observe the magnetic 
polaron liquid and lattice [20,27]. In CeP and CeAs 
the magnetic polaron liquid is observed even at room 
temperature. In these materials the ground crystal field 
level is the F7 doublet and the excitation energy of the 
I~ quartet is about 170 K. As shown before, only F8 
p-f mixing is possible because the valence bands have 
only F8 and F6 states at the F-point and its matrix is 
more than 104 K [28]. The carrier number at room 
temperature is about 0.015 per Ce and thus each polaron 
extends over about 100 Ce sites because at this tem- 
perature the induced moment is weak and thus the 
Coulomb repulsion is the main localization force. Then 
each polaron expands as much as possible until the 
overlap among polarons becomes substantial. It is then 
evaluated that within the v-th hole polaron, the v-th 
1~ 4f state is pulled down through the p-f mixing 
interaction by as much as nearly 100 K. In this situation, 
the magnetic polaron rapidly becomes weaker as the 
temperature decrcases beyond 100 K, accompanied by 
a decreasing carrier number. Note that an electron-hole 
pair is created to form a magnetic polaron as far as 
its formation energy gain is larger than the necessary 
energy to create an electron-hole pair [29]. At low 
temperatures, supported further by applied magnetic 
field and applied pressure, the weak magnetic polaron 
changes to the strong magnetic polaron with nearly 
full moment. In CeP, such a transition occurs at 10 K 
under an applied magnetic field of 1 T, while in CeAs 
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it occurs under a magnetic field of 12 T, or an applied 
pressure of 1 GPA [30]. In CeP, the carrier number 
at low temperature including the above-mentioned or- 
dering state is about 0.008 per Ce, less than half that 
at 100 K. To bring down a particular 4fFav state suf- 
ficiently below the ground 4fF7 state, the v-th Fs p-f  
mixing effect on each Ce site within the magnetic polaron 
should be on the order of 300 K and then the extension 
of the magnetic polaron should be as small as to cover 
about 25 Ce atoms. By multiplying the carrier number 
mentioned above, the ratio of volume covered by the 
strong magnetic polaron, or the ratio of the 4fF8 state 
to the 4fF7 state outside the polaron, is evaluated to 
be about 0.2. This is indeed obtained from neutron 
scattering measurements [31], as well as from mag- 
netization measurements [32]. The 4f state with full 
moment extends on the plane perpendicular to the 
moment because this is the best way to obtain full p-f  
mixing with the NN Xp atoms. Therefore, the strong 
magnetic polaron lattice becomes a layered type with 
the aligned moment perpendicular to the layer. Neutron 
scattering measurements revealed the ll-layer period 
of double Fa layers. The l l-layer period is consistent 
with the RKKY type period through the Fermi wave 
vector kro of the electrons at the Xx and Xy points. 
This means that the holes and the X~ electrons with 
wave functions extending on the x-y  plane are mostly 
localized on the double Fao layer for the p-f  mixing 
and charge neutrality, respectively, and the electrons 
around Xx and Xy points are nearly uniformly distributed 
due to their small effective mass mz but are perturbed 
by the ll-layer period which is consistent with kFz, 
where Fao means the 4f state of full moment along the 
z-axis. All the anomalous properties are explained con- 
sistently by this magnetic polaron model. 

Even in the case where the magnetic polaron liquid 
is not formed, the Kondo electron created by the c-f 
mixing is more localized in the low carrier density 
system than in the typical metallic system because of 
the positive charge left near the central site, which is 
not well screened in the low carrier density systems. 
The amplitude at the NN sites increases, causing 
stronger p-f  mixing and thus a larger value of TK. 
Indeed, the large value of TK in CeSb mentioned before 
can be explained by this mechanism [33]. 

When the above mechanism becomes stronger, the 
Kondo electrons become really localized, forming the 
localized Kondo singlet state, in contrast to the usual 
metallic case. This is particularly enhanced when the 
Luttinger theorem predicts an energy gap. Smn6 and 
YbB12 are typical of materials that belong to this category 
and are called Konto insulators [34,35]. Recently various 
Ce-compounds have been found to belong to this 
category. 

3. Fundamental characteristics of the 5f state 

As mentioned before, the effective 5f-5f correlation 
energy Uf in U-compounds is small, typically 1-2 eV 
in most compounds, and thus the situation is rather 
similar to the 3d state even though the main part of 
the 5f state is well screened by the 6s and 6p closed 
shells, in contrast to the 3d state, which is situated 
mostly outside the 3s and 3p closed shells. Indeed, 
many metallic U-compounds are well described by the 
usual 5f band model, with the Fermi surface well defined 
by this model with a weak mass enhancement. In such 
materials, PES and BIS are also well modeled by the 
band model as shown typically in Fig. 4. The 5f band 
model is calculated based on the j-j coupling scheme, 
in which j=7 /2  states have about 1 eV more energy 
than j = 5/2 due to the 5f spin-orbit interaction. There- 
fore, j = 5/2 bands are observed in PES mainly less than 
1.5 eV below the Fermi energy. Some j = 5/2 bands are 
also observed in BIS just at the Fermi energy, forming 
a shoulder, and the j = 7/2 bands form a peak in BIS 
at about 1.5 eV above the Fermi energy, extending to 
about 2.5 eV above the Fermi energy. The result of 
the band calculation can fit the experimental result 
very well, in particular for the case of weak mass 
enhancement [18]. Therefore, the problem lies in the 
cases of heavy fermion and well localized regimes. Note 
that, in contrast to the case of Ni mentioned before, 
there is no marked satellite peak at higher energy either 
for PES or BIS. This confirms the model proposed 
before, that the 6 eV satellite in Ni, which is also 
common in the 3d compounds, is a special characteristic 
of the 4s screening in which only configurations up to 
4s 2 are possible. 

/ 
/ 
! 

! 5f band model 
/ 

E 

PES 

Fig. 4. Schematic pictures for the 5f PES and BIS in the U-compounds. 
The dotted curve corresponds to the result of the usual band 
calculation and also to the experimental result for a good normal 
metal while, the solid line corresponds to the heavy fermion U- 
compounds. 
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It is well established that the main feature of PES 
and BIS described above does not change even in the 
anomalous U-compounds in the heavy fermion regime. 
The main difference is the larger tails in both PES 
and BIS, enlarged with increasing character of local- 
ization, and thus largest for materials in the welt localized 
5f regime such as UPd3 and UBi [36]. At low tem- 
perature, a sharp peak appears at the Fermi energy. 
This peak is seen only in a measurement with high 
resolution [37]. In materials of well localized regime, 
a pseudo gap opens at the Fermi energy [36]. The 
above facts indicate clearly that the 5f band model is 
still a good starting point for understanding anomalous 
behaviors in heavy fermion U-compounds because of 
the small value of Uf even for the heavy fermion systems, 
including the localized moment regime. The large tails 
in PES and BIS are clearly due to the stronger correlation 
effect but are still not strong enough to cause an 
antibonding Kondo peak, such as observed in rare earth 
compounds. Note that the antibonding Kondo peak is 
often misunderstood as being due to the usual anti- 
bonding state. As described in detail before, this is 
clearly due to the Kondo state, like the many-body 
state for the system with strong correlation, and thus 
no such peak appears in the U-compounds with weak 
correlation energy Uf even in those of heavy fermion 
and localized regimes. In the case of U-compounds, 
the tail is formed by a series of states with various 5f" 
configurations. As the 5f correlation increases, intensity 
for each peak increases and the energy distance between 
two configurations increases, causing more extended 
tails for both PES and BIS, in good agreement with 
the experimental facts. 

Compared with Ce-compounds, where 4f ' and 4f j 
are the main configurations, U-compounds have many 
5f" configurations, where n is mainly 2 or 3 but terms 
with larger n values are also not negligible due to a 
small Uf value, and thus another problem of how to 
treat the many-5f intra-atomic state exists. It is well 
known that for the light actinide atoms the LS coupling 
scheme is better than the j-j coupling scheme, at least 
for the ground configuration. In crystals with strong 
c-f mixing, however, the situation is more complicated, 
in particular in the heavy fermion regime. Measurement 
of the form factor by the polarized neutron scattering 
gives the most detailed information for the coupling 
scheme, including the value of n, and the results of 
band calculations are encouraging, even though a more 
sophisticated treatment is necessary [38]. Even though 
the band calculations start from the j-j coupling scheme, 
the orbital moment is reduced substantially through 
the strong c-f mixing interaction and thus approaches 
the LS scheme. In this sense, this is called an inter- 
mediate coupling scheme [38]. Therefore, also in this 
sense, the band model gives a good starting point. In 
the magnetic ordering state, as well as in the anomalous 

compounds, the unrestricted Hartree-Fock picture, the 
same model as in CeSb described before, should be 
applicable. However, because more than two 5f states 
are occupied and their c-f  mixing intensities are dif- 
ferent, the situation is more complicated. In the next 
section, we shall treat UXp and UXc from the above 
standpoint, and study how this can explain various novel 
anomalous properties in these materials. 

4. Mechanisms of anomalous properties in UXp and 
UXc 

From various experimental observations, U in UXp 
is thought to be primarily trivalent, similar to Ce in 
CeXp [38]. To apply the Luttinger theorem, this is very 
important because in this case three 5f states should 
be put below the Fermi energy and the Fermi surface 
should be determined based on this configuration. Semi- 
metallic behavior results, with some amount of holes 
and electrons, similar to that described before for CeSb, 
even though the real band structure may be much more 
complicated owing to the large number of occupied 5f 
states and to stronger p-f  mixing interaction. The valence 
and conduction bands formed by p(Xp) and 5d(U), as 
well as the orthogonal plane waves, OPW, should be 
essentially the same as those of LaXp shown in Fig. 
1 when the p--f mixing effect is omitted. Then three 
5f states should be put below the Fermi energy. It is 
reasonable and convenient to treat the 5f bands by 
using the tight binding model assuming the atomic 5f 
states. This is also important in the 3d systems. Indeed, 
the magnon dispersion in Ni and Fe can be calculated 
correctly only by using the tight binding 3d bands and 
OPW [14]. While the total energy is not sensitive to 
the wave function, the dynamic properties are much 
more sensitive to it, and thus give important information 
on the latter. 

The band model is applicable in principle to the 
ground state, and thus we should treat the magnetic 
ordering. There are two kinds of fundamental ordering. 
One is essentially the same as those in CeXp, the 
ferromagnetic layer on the xy plane with the moment 
along the z-axis and a simple antiferromagnetic ordering 
along the z-axis. This is called lk type I ordering. 
Another is 3k type I ordering in which three types of 
the above ordering with kx, ky and kz coexist. Other 
types of ordering are understood as modulations from 
the above two fundamental forms [39]. Therefore, in 
the following, these two fundamental orderings are 
studied. 

A natural way to choose three orthogonal occupied 
5f states is the combination of one that is the same 
as that in CeXp with the full moment and the full p-f  
mixing called F8o, and two others causing the lowest 
intra-atomic Coulomb-exchange interaction with the first 
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one. Because the unoccupied 5f states with j = 5/2 sit 
very near the Fermi energy, the p--f mixing effect is 
very strong causing a large crystal field splitting between 
the ground /-'7 and the excited /'8 states of the order 
of a few thousand degrees k. Therefore, the above two 
states are fundamentally of the/'7 character with induced 
moments through the intra-atomic Coulomb-exchange 
interaction with the occupied Fso state. It is well known 
in the atomic Hartree-Fock calculation that the un- 
occupied 5f state has a more extended wave function 
than the occupied 5f state, because of the weaker 
attractive potential due to one more 5f state. This 
means that the /'so state is more extended than the 
other two. Owing to strong p-f mixing, its occupation 
number decreases substantially and moreover it sees 
an attractive potential at the NN Xp sites. Note that 
the decreasing 5f population through the mixing from 
the occupied 5f states is well compensated by the mixing 
to the unoccupied 5f states and thus the average valence 
is kept at about three in the present case. Because of 
the above situation, the 5fFso state sits near the top 
of the valence band and the strong p-f antibonding 
F8o band is pushed up above the Fermi energy much 
more strongly than in CeXp. In the case of normal 
metals in which the density of states and the c-f mixing 
strength is nearly constant around the Fermi energy, 
the energy gain E m due to the above situation is 
proportional to the square of the 5f moment, Mf 2. We 
call this the linear relation. In the low carrier density 
systems such as CeXp and UXp, the density of states 
increases strongly with increase in IE- EfI. We call this 
situation the non-linear relation. As showing in Fig. 1, 
the dispersion of the antibonding Fso band along the 
F-Xz axis is weak and thus when the Fso band rises 
above the Fermi energy at Xz, the density of states 
becomes nearly constant due to the two-dimensional 
character of the system. The p-f mixing is strongest 
at the F-point and becomes weaker as k deviates from 
the F-Xz axis. Therefore, the negative non-linear relation 
is expected beyond the above situation. This situation 
is shown in Fig. 5. As shown in Fig. 1, CeXp is very 
near the critical situation, Mfm 2, and UXp is thought 
to be far above the critical situation. It is important 
to notice that because the unoccupied 5f states are 
closer to the Fermi energy than the 4f states, the valence 
p-bands of UXp are pushed down substantially more 
than those of CeXp. However, in the 6d systems, the 
overlap with the valence band is larger in general than 
that in the 5d systems. Therefore, the lk state is unstable 
for UXp because it is better to divide the moment into 
three independent components, Mx, My and Mz. This 
is the 3k type I structure. The main mechanism to 
stabilize the lk structure is thought to be the mag- 
netoelastic effect. In CeSb the c-axis shrinks in the lk 
structure [40]. This is thought to be due to the following 
mechanism. To gain the crystal electric field energy 

Em 

Mr 

Fig. 5. Schematic picture for the magnetic energy Em as a function 
of  the square of the magnetization M 2. The value shown by Mr,. 2 
corresponds to the steepest point, indicating the crossover from the 
positive non-linear region to the negative non-linear region. 

for Fso, the c-axis shrinks and the ab-axis expands. To 
gain the p-f mixing energy, the ab-axis should shrink. 
However, to gain the p-f mixing energy with the un- 
occupied 4fF8 states, the opposite distortion is required. 
Because the unoccupied 4f levels are 5 eV above the 
Fermi energy, this effect is weak. To preserve the total 
volume, the c-axis shrinks, but the change in the ab- 
axis is small. In the lk structure in UXp, the crystal 
electric field has a more important role than that in 
CeXp because the quadrupolar moment of the 5f state 
is much larger than that in the 4f state. However, the 
p-f mixing in UXp is stronger than that in CeXp but 
not by much, less than a 40% increase. Furthermore, 
the unoccupied 5fF8 is very close to the Fermi energy. 
As a result, a similar but more enhanced uniaxial 
distortion is expected in the lk structure. This is actually 
observed in the lk structure in NpAs [39], which shows 
similar behavior to UAs. Such a uniaxial distortion is 
not observed in the cubic 3k structure. In the cubic 
structure, a large volume expansion is observed both 
in USb and NpAs [39], contrary to the double k structure 
in the low-temperature phase of UAs. This is definitely 
opposite to a gain in the crystal field energy as well 
as the p-f mixing energy. The cause of the volume 
expansion, 1.2% in USb and 0.4% in NpAs, is an 
increase in the localized moment, similar to the 3d 
compounds. Because the increase in the localized mo- 
ment is larger than the decrease in the p-f mixing 
matrix, the total energy gain is achieved in the p-f 
mixing effect. This means that with decreasing p-f 
mixing, the local 5f moment increases more strongly 
than the decreasing ratio of the p-f mixing. Therefore, 
in the lk and 3k structures, the crystal distortions are 
quite different. It is difficult to evaluate which one has 
the stronger energy gain. The energy gain for the lk 
case is expected to be larger than that for the 3k case 
at higher temperature. 
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The simplest way to obtain the 3k structure is to 
put three 5f states with full moments along the x, y 
and z axes, that is ~x, ~y and qtz, below the Fermi 
energy. These states are, however, not orthogonal to 
each other and the simplest way to make an orthogonal 
set within them is to rewrite them as 

~#~- a(qtx + ~ )  etc. (3) 

in which a={1+/3-(1+/3-2/32)1/2}/(1+3/3) and a is 
approximated by /3/2 for a small value of /3, where 
/3= (~xI~y). Of course, a better variational function 
gives a better result. In particular, because F7 is the 
ground state, the /'7 character should be added. In 
total, the amount of F7 is thought to be nearly equal 
for both the lk and 3k structures. An interesting question 
is whether the present model can explain the anomalous 
transport properties, particularly the strong increase in 
the electrical resistivity in the 3k structure compared 
with the lk structure, indicating the characteristics of 
low carrier density. This situation is shown schematically 
in Fig. 6 [39]. In the paramagnetic state, the electrical 
resistivities in USb, a typical material to show the 3k 
structure below TN = 213 K, and that in UAs, a typical 
material to show the lk structure below TN= 124 K 
and furtfiermore to change to the 2k structure below 
62 K, are similar in terms of both absolute value and 
temperature dependence to those of CeP and CeAs 
as shown in Fig. 7, indicating characteristic behavior 
for low carrier density systems similar to CeXp. Below 
the ordering temperature, the resistivity in UAs de- 
creases in the usual way, indicating that the change in 
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Fig. 5. Schematic picture for the electrical resistivity p of various 
U - c o m p o u n d s  as functions o f  temperature  T. Note  the different 
scales for P as indicated by the arrows. 
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in w h i c h  the  m a x i m u m  va lue  o f  p is 2.6 ro l l  cm at  35 K. 

the carrier number is minor. In USb, however, the 
resistivity increases sharply below the ordering tem- 
perature and decreases finally at low temperature giving 
rise to a large peak, similar to the c-axis resistivity in 
the heavy rare earth metals mentioned before, in which 
the carriers at the nesting Fermi surface are lost below 
the ordering temperature. Judging from the large peak 
of resistivity, the lost carriers in USb are in a much 
larger ratio than in the heavy rare earth metals. These 
characteristic behaviors are explained as follows. The 
Brillouin zones for the lk and 3k type I structures are 
shown in Fig. 8. The volume of the Brillouin zone is 
reduced to one-half and one-quarter that of the initial 
one respectively. For the lk structure, the same situation 
as in CeXp is expected and the doubly degenerated 
p-f  antibonding band appears along the F-X, axis. The 
carrier number is also expected to be similar to that 
in CeSb, at most 0.1 per U. For the 3k structure, the 
doubly degenerated p-f  antibonding band appears on 
all the three F - X  axes, occupying a fairly large area 
of the reduced Brillouin zone. Because the three X- 
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Fig. 8. The  initial and the reduced Brillouin zones for the lk and 
the  3k type I orderings are shown as the outer  and inner  boundaries.  
For  the lk structure, the large hole surface corresponding to the  
/34 branch in Fig. 2 is shown schematically. In CeSb for the  ferro- 
magnet ic  state shown in Fig. 1, this Fermi surface extends nearly 
to the boundary Xz in the initial Brillouin zone. For the 3k structure,  
a schematic picture for the electron and hole Fermi surfaces are 
shown without mixing between them. When  the mixing between them 
is introduced, the large electron and hole Fermi surfaces are cancelled 
out  strongly leaving small hole surfaces. 

points are folded onto the F-point, the bottom of the 
conduction band is at the F-point with sixfold degeneracy 
for the tEg symmetry. Therefore, three kinds of spherical 
bands appear around the F-point. Of these, two have 
small effective masses and one has a fairly large mass 
corresponding to the usual d band as seen in Fig. 1, 
and the last one mixes strongly with the p-f  antibonding 
band near the Fermi energy destroying the main part 
of their Fermi surfaces. Therefore, we have small 
electron Fermi surfaces around the F-point with small 
effective masses and small hole surfaces near the corner 
of the Brillouin zone. Therefore, the carrier number 
is much smaller than that for the lk structure and, 
because the effective mass of electron is small, the 
impurity effect is not strong even for the low carrier 
density system. The Hall constant changes sign from 
positive at the paramagnetic region to negative at low 
temperatures in the ordered region. These changes are 
indeed consistent with the present picture. Note that 
some amount of positive anomalous Hall effect is seen 
in the paramagnetic region, but rapidly decreases in 
the ordered region. The carrier number estimated from 
the Hall constant at the lowest temperature assuming 
no contribution from the holes is about 0.015 U -a, 
indicating that the real carrier number is on the order 
of 1% per U-atom. This is consistent with the recently 
measured dHvA result [41]. 

The next question is whether the magnetic polaron 
liquid is formed in the paramagnetic region or not. 
The answer is positive because the behavior of resistivity 
is very similar to that of CeP and CeAs. The existence 
of a magnetic polaron liquid in CeP and CeAs was 
deduced from Fig. 7 as follows [42]. Except at low 
temperature, the carrier number is nearly equal in all 
of the materials in Fig. 7, that is, from 0.02 to 0.04 
per R-atom. No Kondo scattering and no magnetic 

polaron liquid are observed in YbXp at high temperature 
and the resistivity is essentially the same as that in 
LaXp, indicating normal magnetic scattering. As men- 
tioned before, the /"8 Kondo scattering dominates at 
high temperature in CeSb, causing the characteristic 
temperature dependence. In CeP and CeAs, as well 
as in CeSb under applied pressure, the resistivity is 
four times larger than that in CeSb at ambient pressure. 
Such a large scattering is not expected from Kondo 
scattering, but is consistent with the magnetic polaron 
liquid with a giant moment, which causes strong scat- 
tering proportional to the square of the giant moment. 
The increase in resistivity for decreasing temperature 
is due to the stronger moment at lower temperature. 
For the same reason as above, we expect the same 
magnetic polaron liquid formation in UXp. This is 
actually very natural because of the stronger p-f  mixing 
interaction in UXp, which should cause a stronger 
magnetic polaron effect. The carrier number is expected 
to be similar to those in CeSb and CeBi. 

It is important to notice that NpXp has very similar 
characteristics to UXp. This confirms our argument 
that, instead of the conventional 5f band model, the 
URHF bands with 5f 3 and 5P occupations for UXp 
and NpXp respectively should be applied. In this case, 
in the paramagnetic region, we have a similar semi- 
metallic behavior to that in CeXp. In the 3k structure 
in NpXp, one additional 5f state with FT-like character 
of a small moment is expected to sit below the Fermi 
energy and enhances the magnetic character. Otherwise, 
the same situation as in UXp exists, as shown in Fig. 
6 for NpAs as an example. This compound orders at 
175 K in a lk type structure. However, the resistivity 
changes only slightly. At 140 K. the 3k type I structure 
appears and then the resistivity increases very strongly, 
much more so than in USb. The carrier number is 
estimated to be similar to that in CeAs at low tem- 
perature and thus the impurity effect is also strong. 
This is clearly due to the stronger p--f mixing effect 
caused by the larger 5f moment. 

Now UXc compounds are treated briefly. They order 
ferromagnetically with the moment along the [111] 
direction, definitely different from UXp. However, the 
resistivity at high temperature is similar to those for 
UXp, suggesting low carrier density systems with the 
magnetic polaron liquid. This is definitely different from 
CeXc, which are monovalent metals with trivalent Ce, 
showing the Kondo behavior in CeTe. These facts clearly 
indicate the following picture for UXc. In UXc, U 
should be treated as tetravalent, in the same sense as 
in the Ce-compounds in the valence fluctuation regime, 
and thus the case for CeN mentioned before. This is 
essential for the application of the Luttinger theorem 
and thus indicates that UXc are divalent metals or 
semimetals when the first doubly occupied conduction 
bands are nearly filled. Indeed, the latter condition is 
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Fig. 9. Schematic pictures for the dispersions of the 5d and the p-f 
antibonding bands along the (110) and (111) directions for the 
ferromagnetic ordering with the magnetic moment along (111). The 
dotted curves indicate the result with the mixing interaction between 
them. The position of the Fermi energy is shown by the solid lines 
labeled Ev. 

nearly satisfied and the semimetallic character can be 
deduced by the following consideration. To accom- 
modate two electrons per U-atom in the conduction 
bands, the Fermi energy should be slightly above the 
5d t2g band states at the F-point, as shown in Fig. 1. 
Conversely, two occupied 5f states should be of the 
FT-like states with weak p-f mixing interaction. The 
Fs-like 5f states are in principle above the Fermi energy. 
However, because the p-f mixing is strong around the 
F-point but becomes weak as the wave vector deviates 
from the F-point as mentioned before, we obtain the 
dispersion as shown in Fig. 9, and thus some part 
becomes below the Fermi energy. Then, the mixing 
between the 5d band and the p-f antibonding band 
erases the greater part of the electron and hole Fermi 
surfaces leaving small semimetallic electron and hole 
Fermi surfaces at around the F-point and the corner 
of the Brillouin zone with the hole surface between 
them. Because of the above situation, the p-f mixing 
for the occupied 5f states is weak but that for thc 
unoccupied 5f states is strong and thus the average 
population of the 5f states increases, in the same sense 
as in the Ce-compounds in the valence fluctuation 
regimes, causing the average 5f population to be near 
3. 

5. Discussion and conclusions 

The fundamental characteristics of the electronic 
states in the U-compounds in the anomalous heavy 
fermion regime have been studied by applying the ideas 
clarified in the anomalous rare earth compounds, as 
well as in the transition metal compounds. It was shown 
that the unrestricted Hartree-Fock band picture similar 
to that employed in the Ce-compounds in the Kondo 
regime, in particular Ce-monopnictides, is the appro- 
priate starting model to understand the anomalous U- 
compounds. In the usual band calculation for Fe and 
Ni, only the spin split band is obtained due to the 

approximation of the local density potential. To calculate 
the magnon dispersion correctly, however, the orbital 
states should be treated correctly in the sense of the 
tight binding model, which naturally causes the URHF- 
like state. Based on this standpoint, unusual magnetic 
and transport properties in U-monopnictides and mon- 
ochalcogenides were studied, and it was shown that 
fundamentally their anomalous properties can be under- 
stood through this model. In U-monopnictides, the lk 
magnetic ordering is essentially through the same mech- 
anism as in Ce-monopnictides in which the 4f state of 
full moment along the z-axis mixes strongly with the 
p-states on the nearest neighbor pnictogen atoms on 
the xy-plane causing the largest gain of the p-f mixing 
energy. In this case, the positive non-linear effect plays 
an essential role. Two occupied F7 type 5f states are 
more remote from the Fermi energy. When the magnetic 
moment in U increases, the positive non-linear effect 
now turns into the negative non-linear effect because 
of the stronger p-f mixing interaction and then the 3k 
magnetic ordering is stabilized with the 2k structure 
in the intermediate state, in which the total magnetic 
moment is divided into three components, or two com- 
ponents. Then, at each site, the total magnetic moment 
is directed into one of the [lll]-like directions, or 
[ll0]-like directions. A natural question is why a lk 
structure with the moment along the [111] direction is 
not found. The answer is that, even if we start from 
the lk type with the moment along [111], the 3k type 
structure is obtained to maximize the p-f mixing effect. 
The energy difference between them is thought to be 
small and indeed the ferromagnetic ordering in U- 
monochalcogenides corresponds to such a structure, in 
which the F8 valence bands mix in the three x, y and 
z directions with the 5fF8 states causing holes on the 
antibonding p-f mixing band along the three principal 
axes. It is also shown that the similarity in behavior 
of Np-monopnictides with U-monopnictides is naturally 
explained in the present URHF model, in which An 
atoms are treated as trivalent. On the other hand, in 
An-monochalcogenides, An should be treated as te- 
travalent, similar to the valence fluctuation regime in 
the Ce-compounds. In this case, semimetallic behavior 
is naturally obtained. The strong decrease in the carrier 
number in the 3k magnetic ordering is also explained 
naturally. 

In the Ce-compounds, we discussed the difference 
between the Kondo regime and valence fluctuation 
regimes as due to the splitting of the 4f state in the 
sense of the unrestricted Hartree-Fock model. Anom- 
alous heavy fermion character appears mostly in the 
former regime, even though some materials near the 
border in the latter regime also show anomalies. In 
the anomalous heavy fermion U-compounds, we applied 
the same idea. However, because Uf is small in the U- 
compounds in general, the energy splitting is small and 
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thus the difference between the unrestricted Har- 
tree-Fock and the usual one is not clear compared 
with the Ce-compounds in the Kondo regime. Recently, 
it was found that in CeRu2Si2 the two regimes can 
change continuously with applied magnetic field [43]. 
Therefore, in the U-compounds, such a continuous 
change may be easier. The Luttinger theorem is expected 
to work accurately within each regime. Smooth crossover 
is possible when the quasi particles for one regime fade 
out and those for another regime appear continuously. 
More studies are definitely needed to confirm such a 
picture. 

In Ce-monopnictides, the F8 magnetic polaron liquid 
state is stabilized even at room temperature, supported 
by the long-range Coulomb repulsive force characteristic 
for the low carrier density systems. Because of the 
stronger p--f mixing interaction, we naturally expect 
such a state in both An-monopnictides and An-mon- 
ochalcogenides. Indeed, the absolute value and the 
temperature dependence in the paramagnetic region 
are very similar to those in CeP and CeAs, which are 
typical magnetic polaron liquid systems. It is important 
to notice that many other U-compounds show similar 
behavior, which is usually attributed, without proof, to 
the Kondo effect. It should be noted, however, that 
because of the small 5f-5f correlation energy the typical 
Kondo state is difficult to form in the U-compounds. 
This point is discussed in detail in Section 2, together 
with the fact that there is no antibonding Kondo peak 
in the photoemission spectra in the U-compounds. In 
this sense, the Kondo-like temperature dependence of 
resistivity in the U-compounds may be better attributed 
to the magnetic polaron liquid state. Indeed, the absolute 
value of resistivity in such materials is usually much 
higher than that of the typical Kondo systems in the 
Ce-compounds. More studies are also necessary to 
confirm this point. 
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