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According to conventional theories of strongly correlated electron systems, the natural consequence of strong hybridization 
between f-electrons and conduction electrons is the opening of a gap in both charge and spin channels. Despite their 
importance, there are few experimental observations of such gaps in real materials. Recently the charge gap in d- and f-
electron systems has been investigated using optical studies. However, due to the q=0 limitation of the technique, optical 
studies cannot give information on the wave vector dependence of the gap. Inelastic neutron scattering is a unique 
technique and provides direct information on the spin gap energy as well as its wave vector and temperature dependence. 
Further, knowledge of the wave vector dependence of the gap, in particular the spin gap, provides important information 
about the microscopic mechanism of the gap formation. Recently we have investigated the spin gap formation, and its 
relation to the charge gap, in several Ce, Yb and U based compounds using inelastic neutron scattering techniques. We 
review here the nature of the spin gap in CeT4Sb12 (T = Ru, Os and Fe), CeRhAs and U2-xThxRu2Sn compounds based on 
our recent neutron scattering studies. We compare the magnitude of the spin gaps we have measured in this way with that 
of the charge gaps measured in optical studies. We have found a universal scaling relation between the spin gap energy 
and the Kondo temperature (TK) for many strongly correlated electron systems and the results are discussed. 
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1. Introduction 
 
The strongly correlated electron systems of transition 

metals and rare-earths/actinides have attracted 
considerable interest recently due to the duality between 
the itinerant and the localized nature of d- and f-electrons 
that gives rise to a rich variety of novel phenomena, such 
as mixed valence behaviour, heavy electron behaviour, 
unconventional superconductivity, Kondo insulator or 
Kondo semiconductors, spin and charge gap formation, 
spin and charge density waves, metal-insulator transition 
and very recently discovered non-Fermi-liquid (NFL) 
behaviour and quantum criticality [1-5].  These novel 
properties arise due to the presence of strong electron-
electron correlations as revealed by large enhancement of 
low temperature properties such as the electronic heat 
capacity coefficient and static susceptibility above the 
values expected from local density approximation (LDA) 
electronic-structure calculations [6]. The dual nature and 
strong electronic correlations are the result of strong 
hybridization between conduction electrons having 
spatially extended wave functions and d- or f-electrons 

having localized orbitals. It is still unclear how conduction 
and localized electrons are reconciled with each other 
when the local moments are arranged regularly in lattice 
form (Kondo Lattice). Despite the availability of a large 
volume of experimental results and many theoretical 
approaches, a full understanding of the effect of these 
electron-electron correlations on the physical properties of 
strongly correlated electron systems is far from complete. 
Further, it is not clear how the hybridization develops and 
what is the specific role of transition metals and metalloids 
in rare-earth and actinide intermetallic compounds.  

Among the novel properties mentioned above, the 
Kondo insulator behaviour observed in d- and f-electron 
systems is fascinating and has recently attracted 
considerable interest in theoretical and experimental 
condensed matter physics [3-4, 7-17]. These materials 
exhibit a very small gap, called a hybridization gap, near 
the Fermi level and it is believed that the gap arises in the 
lattice, from the hybridization between the localized 
electrons (d- or f-electrons) and the conduction electrons 
[3-4, 9-11]. The main theoretical interest in these materials 
is due to the existence of large many-body 
renormalizations. The gaps inferred from optical, 
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magnetic, transport and thermodynamics properties are 
almost an order of magnitude smaller than those obtained 
by band structure calculations [6, 18, 19]. The Kondo 
insulators usually have cubic symmetry and a mixed-
valence character for the f-elements. The available 
experimental data suggest that a system with one 
conduction electron and one spin per unit cell must be an 
insulator in agreement with the model proposed by Aeppli 
and Fisk [7]. At high temperatures, the bulk properties of 
Kondo insulators are similar to those of local moment 
metals, but at low temperatures, below the characteristic 
coherence temperature (T*), the conductivity and 
magnetic susceptibility drop to almost zero. For example, 
the classical d-electron system FeSi exhibits a clear 
signature of an energy gap formation in the optical spectra 
(∆Char= 50-90 meV), in the resistivity (∆tran = 50 meV), in 
the magnetic susceptibility (∆spin=64 meV), that is in fair 
agreement with ab initio band structure calculations 
(∆char=100meV) [4, 19]. The detailed discussions on the 
subject can be found in the review papers by Riseborough 
[3], Aeppli and Fisk [7], Coleman [4], Degiorgi [8], 
Tsunetsugeu et al. [20] and Tsvelik et al [21].  

There are many examples of Kondo insulators in rare-
earth and actinide based compounds exhibiting an energy 
gap at EF with an insulating or semimetallic resistivity and 
paramagnetic ground state at low temperatures. For 
example SmB6, [13] YbB12 [14], Ce3Bi4Pt3 [15], 
Ce3Sb4Pt3,, Ce3Sb4Au3 [22], CeFe4P12 [23], CeOs4Sb12 
[24], CeRu4P12 [25], CeRu4As12 [26], CeNiSn [16], 
CeRhSb [17],   CeRhAs [27], U3Sb4Pt3 [28], U2Ru2Sn 
[29]. In a few Kondo insulator systems the magnetic 
ground state co-exists with the Kondo insulating ground 
state as in UFe4P12 [23, 30], TmTe [31], TmSe [32] and 
UNiSn [33]. It is interesting to note that both non-
magnetic ThFe4P12 and LaFe4P12 exhibit metallic 
conductivity down to 4 K [30], which indicates that 
hybridization is responsible for the gap formation in 
UFe4P12 and CeFe4P12.  Further it is interesting that SmB6 
and YbB12 show in-gap magnetic excitations that exhibit a 
strong dispersion and temperature dependence [13, 14].  
For YbB12 it has been proposed that antiferromagnetic 
correlations play an important role in the gap formation 
[14]. 

Another interesting behaviour exhibited by many 
compounds in this class is that they exhibit an energy gap 
near EF, but with metallic conductivity down to lowest 
temperatures. The metallic nature with a small energy gap 
can be explained when the position of EF is outside the 
gap, i.e. just at the top of the lower hybridized band. 
Examples of materials in this class are CeRu4Sb12 [34], 
CeFe4Sb12 [35], YbFe4Sb12 [34] and U2RuGa8 [36]. 

Most of the Ce-compounds with an energy gap, 
mentioned above, exhibit a broad maximum in their 
susceptibility, indicating the mixed valence nature of the 
Ce ion. We mention here for the sake of completeness that 
there are a few interesting Ce-based compounds that 
exhibit an energy gap in transport or NMR/tunnelling, but 
whose susceptibility behaviour reveals the Ce ion to be in 
a trivalent state. For example, CeRu4Sn6 reveals an 
interesting interplay of strong correlations and an NFL-
like state at low temperatures, and gap formation and a 
carrier-deprived state that develops at intermediate 
temperatures [37]. The first indication of the possible 

formation of an energy gap in CeRu4Sn6 comes from the 
electrical resistivity measurements [37], which have 
recently been confirmed through NMR measurements 
yielding the gap of ∆/kB ≈ 124 K [38]. The specific heat C 
(T)/T of CeRu4Sn6 is large and logarithmically divergent 
below ∼2 K, in spite of the fact that its electronic 
contribution (γT) between 8 and 10 K is less than that of 
the normal-metal non-f-electron counterpart LaRu4Sn6. 
This is a strong indication of a low carrier-density state in 
CeRu4Sn6. Another example in this class is CeCuAs2, 
which exhibits Curie-Weiss behaviour in the susceptibility 
above 100 K, but has a negative temperature coefficient of 
electrical resistivity down to 45 mK, i.e. a very similar 
behaviour to that of Kondo insulators [39]. Preliminary 
tunnelling spectroscopy measurements indicate the 
existence of a pseudogap at least at low temperatures, 
implying that this compound could be classified as a 
Kondo semiconductor [40], though its thermoelectric 
power is found to be different from that of an activated 
type Kondo insulator. Further, CeRhSn exhibits a strong 
anisotropy in the susceptibility and resistivity, together 
with NFL behaviour in the susceptibility, resistivity and 
heat capacity [41]. However, our low energy and high 
energy inelastic neutron scattering study clearly reveals a 
gap type excitation centred near 25-30 meV, without any 
clear presence of quasi-elastic scattering [42].   

It has been reported that NMR measurements on the 
quasi-one dimensional compounds RMn4Al8 (R=La, Ce, Y 
and Lu) also show clear evidence of a spin gap formation 
near EF [43]. The spin gap nature of the gap in R=Y and 
La compounds has been confirmed through recent inelastic 
neutron scattering measurements [44]. Interestingly, 
YMn4Al8 reveals a clear sign of a 27 meV spin gap for a 
limited range of wave vectors, which may suggest that the 
mechanism of the gap formation in these compounds is 
different from that attributed to Kondo insulator systems 
[3-4, 7-17]. It is to be noted that the difference between 
FeSi and f-electron Kondo insulators becomes apparent 
when doped: whilst the former exhibits enhanced 
susceptibility leading to a Stoner-like ferromagnetic 
instability, the latter are usually characterized by 
competition between the Kondo screening and local 
moment magnetism with RKKY inter-site coupling. 

Although the physics of high temperature 
superconductors (HTSC) is different from Kondo 
insulators, we note that the pseudogap phenomena have 
recently attracted much attention with pseudogap features, 
of both spin and charge gaps, observed in HTSC, 
especially in the underdoped regime [45, 46]. Therefore 
the pseudogap phenomenon in HTSC has attracted 
considerable interest due to its possible connection to the 
mechanism of high TC superconductivity. Many 
experiments observed that the density of states at EF 
reduces gradually below a pseudogap onset 
temperature [45]. Even though it is not applicable to the 
wide range of HTSC compounds, there has been an 
attempt to correlate the spin gap value with the 
superconducting transition temperature (Tc) for electron 
doped HTSC materials [46].  

Recently the optical study of many heavy fermion 
systems by Okamura et al. [47] reveals a universal scaling 
relation between the mid-IR peak energy (which we call a 
charge gap) and the Kondo temperature, EMIR ~ (TKW)1/2, 
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where W is the width of bare conduction band. It should 
be emphasised that although the optical studies are 
successful in finding the charge gap in heavy fermion 
systems they cannot offer any further information about 
the Q-dependence of the gap, due to the limitations of this 
technique:  any indirect optical transitions (i.e. ∂Q≠0) are 
forbidden by the momentum conservation rule within first 
order optical processes [48]. However, one should note 
that non-dipolar transitions with ∂Q≠0 are possible in the 
second order optical process through which a two-phonon 
process occurs [49]. Thus it would be very interesting to 
investigate if there exists any relation between the spin gap 
and TK. In order to answer this question we have recently 
carried out inelastic neutron scattering investigations in 
many heavy fermion systems and our detailed results are 
published in refs.  [50-55]. In the present work we review 
the spin gap formation in CeT4Sb12 (T=Ru, Os, Fe), 
CeRhAs and U2-xThxRu2Sn using the inelastic neutron 
scattering technique. Our studies clearly reveal that, like 
the optical scaling behaviour, there exists a universal 
scaling relation between the single ion Kondo temperature 
and the spin gap energy in heavy fermion systems. 
Further, our studies indicate that single ion type 
interactions are important for the spin gap in CeT4Sb12 
(T=Ru, Fe and Os), while the Kondo lattice of the U-
atoms plays an important role in the spin gap formation in 
U2Ru2Sn.  

  
 
2. Theoretical discussion 
 
The physics of heavy fermion systems at high 

temperatures is dominated by single impurity Kondo 
scattering and can be well understood within the Anderson 
impurity model (AIM), where the localised d/f orbital with 
spin S and a degeneracy Nf = 2S + 1 is hybridized with the 
conduction band electrons [56]. The AIM is one of the 
most important models for the understanding of strong 
correlations in condensed matter physics. It is relatively 
simple and captures the most essential feature of strong 
correlations, namely the large Coulomb repulsion (U) 
between electrons that exceeds their kinetic energy: the 
details of the interaction terms in the Hamiltonian can be 
found in refs. [3, 56]. In this model a sharp fermionic 
resonance peak develops near EF, whose magnitude 
increases with decreasing temperatures (Fig.1a). The high 
density of electrons, having mainly 4f character, in the 
resonance peak, gives rise to an enhanced value of the heat 
capacity and magnetic susceptibility at low temperatures 
and a –ln(T) dependent resistivity at high temperatures. 
Furthermore, the width of the peak provides an estimate of 
the Kondo temperature, TK.  Nozières (1974) [57] and 
Nozières and Blandin (1980) [58] considered the spin-
fluctuation limit of this model, and demonstrated that its 
low-temperature properties can be described in terms of a 
local Fermi liquid theory.  

The AIM, however, fails in explaining some of the 
observed properties of a dense Kondo system (Kondo 
lattice), where Kondo centres are arrange in a form of 
lattice (Fig.1b), and exhibits an onset of coherence below a 
characteristic temperature, T*. Below T*, strong elastic 
scattering disappears and individual Kondo centres 
coherently scatter conduction electrons. The simplest 

theoretical model to describe the behaviour of dense 
Kondo lattices and Kondo insulators is the periodic 
Anderson model (PAM) [3]. This model is exactly 
solvable in the non-interacting limit when U → ∞. 
Riseborough [3] has obtained the solution for the PAM 
with orbital degeneracy N = 2 , in the mean-field slave-
boson approximation. At half filling this exhibits a direct 
gap (which we denote as the charge gap, ∆char) at q = 0 and 
an indirect gap (spin gap, ∆spin) at q ≠ 0 in the fermionic 
density of states near EF (Fig.1b). The magnitude of the 
indirect and direct gaps are given by 2V2/W and 2V, 
respectively, where W is the half width of the conduction 
band and V is the hybridization matrix element. The 
electronic state of the renormalized bands has a mixed 
character of f electron and conduction band electrons. 
Further, the f-DOS of the upper hybridized band has a 
maximum near the zone centre, while that of the lower 
hybridized band has a maximum near the zone boundary 
(Fig.1c). We recall that the neutron scattering cross-
section, given by Fermi’s Golden rule, is proportional to 
the square of the matrix elements of the DOS of the initial 
and final states. It is to be noted that for the case when EF 
(or the chemical potential) lies in the middle of the gap the 
system exhibits insulating-type resistivity. On the other 
hand, when EF lies at the top of the lower hybridized band, 
the system exhibits metallic-type resistivity in spite of the 
presence of the energy gap.  

 
 

 
 

Fig. 1 (color online) (a) Single impurity Kondo effect, a 
schematic view of the conduction electron band and 
localised 4f-electron, and resonant density of states 
(DOS) showing build up of the fermionic resonance near 
the Fermi level. (b) Kondo lattice case, hybridized band 
picture showing renormalized bands, lower (EK

-) and 
upper (EK

+) hybridized bands, and direct gap,∆dir (we 
called charged gap, ∆char) at q = 0 and indirect gap, ∆ind 
(we called spin gap, ∆spin) at q ≠ 0 and the gap in 
resonant density of states (DOS). (c) The 4f-weight 
factors of the upper and lower bands as a function of  
      wave vector, taken from Riseborough [3, 4]. 

 
 

As a further development on theoretical explanations 
of Kondo insulators, Ikeda and Miyake have obtained the 
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solution of the PAM, to understand the Kondo insulator 
behaviour of CeNiSn, by introducing anisotropic 
hybridization V(k), which vanishes precisely along one 
direction, i.e. along the z-axis [59]. On the other hand, the 
Moreno and Coleman theory for CeNiSn found that there 
exist three global minima and three local minima in the 
CEF parameter space with small differences in their free 
energies among the favourable states [10].  Jarrell et al. 
have also studied the symmetric periodic Anderson model 
in the limit of infinite dimensions within the quantum 
Monte Carlo method [9]. They have shown that a gap 
forms in the single particle spectral function as well as in 
the neutron structure factor. Further, their study shows 
that, depending on the relative strength of the gap energy 
and other energy scales in the system, there is a transition 
from a paramagnetic state to an antiferromagnetic state. 

Recently a theoretical model was proposed for the 
pseudo-gap formation in Ce, Sm, Eu and Yb based 
compounds by Hanzawa [11], who discussed the various 
limits of CEF and its roles in the gap formation. Their 
model considered a variety of energy gap features 
depending on the strength and symmetry of the CEF. The 
three cases they discussed are: (i) No CEF effect - in this 
case a fully isotropic gap opens at the Fermi level, (ii) 
Large CEF effect – if the CEF splitting is large enough, 
then an anisotropic full or pseudo-gap opens, and (iii) 
Intermediate CEF effect – when ∆CEF ~ ∆gap, then rather 
complicated but interesting features appear in the gap 
formation [11]. As shown for the J=5/2 Sm3+ case with a 
cubic crystal field, a full gap opens for the case of the Γ8 
ground state, while a small but finite density of states 
remains in the pseudo-gap region for the  Γ7 ground state. 
Although Hanzawa et al. did not discuss the case of Ce3+, 
it is not unrealistic that as Ce3+ also has J=5/2 one can 
apply a similar theoretical approach to explain the gap 
formation in Ce-based Kondo insulators.  

A different theoretical approach based on spin 
fluctuations has been considered by Liu [60] to explain the 
gap formation in YbB12. In his model, the gap in the f-
electron system originates from local effects and tends to 
persist in incoherent systems. In a coherent periodic lattice 
the gap has dispersion, in qualitative agreement with 
single crystal neutron scattering experiments [14]. In 
essence, the theory by Liu follows the same line as the 
spin-fluctuation theory for metals except for differences in 
mathematical details necessitated by the insulating state. 
The phenomenological model derived with a reasonable 
approximation explains the bulk properties and their 
temperature dependence as well as the inelastic neutron 
scattering line shape for powder samples.  Tsvelik [21] has 
also studied the one dimensional model of the Kondo 
lattice at half-filling, which shows that the insulating state 
forms not due to a hybridization of conduction electrons 
with local moments, but as a result of strong 
antiferromagnetic fluctuations. This model does not 
require a global antiferromagnetic ordering and the spin 
ground state remains disordered with a finite correlation 
length. 

3. Aim of the present studies 
 
Despite intensive theoretical as well as experimental 

studies over the past two decades, a full understanding of 
the mechanism of gap formation in strongly correlated 
electron systems is still lacking. In particular, the roles 
played by the local Kondo coupling and the inter-site 
correlations in the gap formation and its anisotropic nature 
are not well understood. For example, the optical and 
inelastic neutron scattering studies on YbAl3 clearly reveal 
the presence of a hybridization gap [61]. However, the 
recent theoretical calculations based on PAM by Kuroiwa 
et al. indicate the absence of a hybridization gap [61]. 
Recent optical conductivity studies show a strongly 
temperature dependent response in CeT4Sb12 (T=Ru, Fe 
and Os) systems with clear evidence of charge gap 
formation in the strongly hybridized band near EF [62-64]. 
The key question regarding the charge gap feature found 
in CeT4Sb12 is whether it is somehow connected to the 
spin degrees of freedom so as to produce a corresponding 
spin gap in the magnetic excitation spectrum, which is 
then observable by inelastic neutron scattering. If such a 
spin gap indeed exists, then it is important to determine 
whether it is Q-dependent (indicating inter-site coupling) 
or Q-independent (i.e. a single ion feature). An 
experimentally determined ratio between the spin gap and 
charge gap energies is also important from a theoretical 
point of view. Thus it is important to carry out systematic 
experimental and theoretical investigations on spin and 
charge degrees of freedom on strongly correlated d- and f-
electron systems using various experimental techniques to 
obtain a complete physical picture of the gap formation. In 
the present work, we therefore have investigated the spin 
degrees of freedom in many strongly correlated electron 
systems using the inelastic neutron scattering technique 
and our results are discussed here. 

 
 
3.1 CeRu4Sb12: A single spin gap system 

 
3.1.1 Crystal structure and bulk properties 
 
CeRu4Sb12 is a member of the filled skutterudite 

family with a general formula RT4X12 (R=rare-earth 
elements, T = Fe, Ru, Os and X = Sb and P) and 
crystallizes in a unique body-centred-cubic structure, 
space group I m 3 (see Fig.2).  Interestingly, the cubic 
structure of skutterudite compounds has the large X12-
icosahedron atomic cages filled with rare-earth atoms. Due 
to the availability of a large empty space around the rare-
earth atoms, their amplitude of thermal vibrations is an 
order of magnitude larger than that of T and X atoms.  As 
a result of the larger thermal motion, the lattice thermal 
conductivity is remarkably small. This result has led to a 
speculation that the rattling motion of the rare-earth atoms 
(so-called Einstein modes) may strongly scatter acoustic 
phonons, which carry most of the heat flow in a crystal, 
resulting in an anomalous suppression of the lattice 
thermal conductivity. Hence filled skutterudite compounds 
have an enhanced value of the thermoelectric figure of 
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merit and are considered as potential candidates for future 
solid-state device technology in related industries. 
 

CeSb CeSb

 
Fig.2 (color online) The cubic unit cell of CeRu4Sb12 
compound; Ru atoms are located in the centre of the 

Ru4Sb12 octahedra. 
 
 

 
On the other hand, the bulk properties CeRu4Sb12 are 

of particular interest due to their strongly correlated 
electronic behaviour. The intermediate valence behaviour 
of CeRu4Sb12 has been seen in its magnetic susceptibility 
and electrical resistivity, see Fig.3a&c [34, 65, 66]. The 
susceptibility exhibits a maximum around 100 K, which 
provides an estimate of the Kondo temperature of TK = 300 
K: according to the single-impurity Anderson model, TK = 
3Tmax, where Tmax is the temperature at which the 
susceptibility exhibits a broad maximum [67]. 
Furthermore, the magnetic contribution to the resistivity of 
CeRu4Sb12, deduced by subtracting the resistivity of the 
isostructural nonmagnetic compound LaRu4Sb12, shows a 
maximum near 80 K. Above this temperature, the 
resistivity shows a clear –ln(T)  dependence, while below 
80 K it decreases dramatically due to an onset of 
coherence [66]. The temperature dependence of the 
resistivity (Fig. 3c) thus implies that CeRu4Sb12 forms a 
coherent Kondo lattice state below about 80 K [66].  

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. (a-b) Magnetic susceptibility versus temperature (the inset shows log-log plot) for Ce1-xLaxRu4Sb12 (x=0 to 0.5),              
(c) resistivity versus temperature (the inset shows ρ(T) vs T1.6) for CeRu4Sb12, and (d) the electronic contribution of the heat 
capacity   divided   by   temperature  (Cele/T)  versus  log  (T)  for  Ce1-xLaxRu4Sb12 (x=0 to 0.1),  after  Takeda  at  al.  [34]; the  
                                              susceptibility data of x = 0.5 are from the present work. 

 
Interestingly, the electronic contribution to the heat 

capacity of this compound is rather large γ = 380 mJ/mol-
K2 [65]. This large electronic heat capacity undoubtedly 
suggests that the low-temperature states of this compound 
are of moderately heavy fermion origin. More 
interestingly, the low temperature (below 1 K) heat 
capacity (Fig.3d) and susceptibility exhibit logarithmic 
behaviour, whilst the resistivity reveals a Tn behaviour 
with n = 1.6, see the inset Fig.3c [65, 68]. These unusual 

low temperature properties have been interrelated due to 
NFL behaviour.  It is to be noted that the low temperature 
(below 20K) susceptibility can also be fitted by power law 
behaviour as predicted for the NFL behaviour in the 
Griffiths’ phase model [68]. Recently, an upturn of the 
Hall coefficient and a loss of the low-frequency intensities 
in the optical conductivity at low temperatures were 
reported in CeRu4Sb12 [62, 66]. These experimental results 
suggest a reduction in the carrier density at low 
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temperatures and the opening of a charge gap ∆charge= 47 
meV as inferred from the optical study [62]. Here the 
charge gap means a gap in the charge degrees of freedom. 
Further, the infrared study of CeRu4Sb12 in applied fields 
up to 17 T reveals that the applied magnetic field strongly 
affects the low-energy excitations in the system [69]. In 
particular, the magnitude of the quasi-particle mass has 
been suppressed by as much as 25% at 17 T at 10 K [69]. 
This effect is in quantitative agreement with the mean-
field solution of the periodic Anderson model augmented 
with a Zeeman term [69]. Ultrahigh-resolution 
photoemission spectra of CeRu4Sb12 reveal crossover 
behaviour into a low carrier state [70]. The DOS around 
the EF decreases on lowering the temperature and a semi-
metallic-like DOS is observed at 5.9 K. The temperature 
dependence of the DOS at EF is explained in terms of the 
development of the coherence. Thus in order to understand 
the nature of the spin degrees of freedom in CeRu4Sb12, we 
have carried out detailed inelastic neutron scattering 
measurements [50, 51] and the results are summarized 
below. 

 
3.1.2 Inelastic neutron scattering study: A single spin  
        gap system 
 
A detailed inelastic neutron scattering investigation on 

CeRu4Sb12 as well as on the non-magnetic reference 
compound LaRu4Sb12 has been reported by Adroja et al. 
[50, 51]. The magnetic response of CeRu4Sb12, after 
subtracting the phonon background, is shown for several 
temperatures in Fig. 4.  
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Fig. 4. (color online) (a–e) The magnetic response from 
CeRu4Sb12 at low scattering angles (19°) after 
subtracting off the nonmagnetic scattering at several 
temperatures [51]. The arrow shows the  position  of  the  
                                            spin gap. 
As can be seen in Fig. 4a for 5 K, the magnetic 

scattering is almost absent for energy transfers below 10–
15 meV, but exhibits a broad peak at 30 meV. According 
to theoretical studies [71], the peak position can be 

regarded as an estimate of the magnitude of the spin gap. 
For energy transfers higher than 30 meV, the magnetic 
scattering falls off gradually and there is still a visible sign 
of magnetic scattering even at the energy transfer of 95 
meV. On increasing the temperature to 60 K, there is very 
little change in the data regarding the intensity, position, 
and width of the magnetic scattering, see Fig. 4b. It is to 
be noted that the first visible temperature dependence was 
observed when the sample was heated through the 
coherence temperature of Tcoh = 80 K. As shown in Fig. 
4c, the spin gap feature starts to fill up at 100 K while the 
peak position hardly moves compared with the data taken 
at lower temperatures. We recall that the static magnetic 
susceptibility also exhibits a maximum at 100 K, which 
implies TK = 300 K according to the single-impurity 
Anderson model [67]. It is to be noted that for valence-
fluctuating systems the position of an inelastic peak can be 
taken as an estimate of the Kondo temperature [72]. A 
further rise in temperature to 150 K completely destroys 
the gap in the magnetic response, which can now be 
described by a broad quasielastic peak. At 250 K, some 
intensity of the magnetic scattering at high energy 
transfers shifts towards lower energies and its shape 
becomes purely quasielastic. We note that the peak-like 
structure seen near 10 meV at 250 K is an artifact arising 
from the difficulties of making a precise subtraction of the 
elastic line. The overall drastic change in the magnetic 
response between 60 and 250 K again suggests that the 
temperature dependence of the spin gap is quite different 
from that of a conventional band-structure gap. The 
collapse of the inelastic gap-like response and the 
appearance of the quasielastic scattering at higher 
temperatures observed in CeRu4Sb12 are similar to that 
observed in YbAl3 and Ce3Bi4Pt3  [72, 73] and also in 
agreement with the predictions of theoretical models [3, 7, 
74]. It is to be noted that the spin gap of 60 meV observed 
(at 5 K) in U2RuGa8 does not show a dramatic change in 
the response at 300 K compared with that of 5 K [36]. By 
performing a numerical integration over the whole 
experimental energy transfer range up to ± 97 meV, and 
using the moment sum rule of S(Q,ω), ∫S(q,ω) /F2(Q) dω = 
48.8 µ2

eff , we have deduced the value of the effective 
magnetic moment to be µeff = 2.1(±0.3) µB at 5 K. An 
alternative determination of the moment was carried out 
by extrapolating the data to high energy, up to 290 meV, 
by fitting the data to an exponential decay function 
between 30 and 97meV, which gave an estimate  of µeff = 
2.6(±0.4) µΒ, indicating that magnetic response has 
transferred to high energy at 5 K.  

We now discuss the wave vector Qdependence of 
the magnetic response. In Fig. 5, we show a contour plot 
of the magnetic scattering at 5 K as function of energy 
transfer and Q. It is clear from the contour plot that the 
scattering exhibits a broad peak at 30 meV and its position 
is independent of Q. The integrated intensity between 30 
and 50 meV exhibits behaviour similar to that of the 
square of the Ce3+ magnetic form factor. This behaviour 
further confirms the nearly Q independence of the 
magnetic response and hence the Q independent spin gap 
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in CeRu4Sb12, implying that single ion type interactions 
are playing an important role in the gap formation. 
 

 
 

Fig. 5.  (color online) The contour map of the magnetic 
scattering taken at 5 K as function of energy and Q, 

taken from ref [51]. 
 
 

3.1.3 Low energy excitations 
 
In heavy fermion systems the linewith of the 

quasielastic scattering from the ground state crystal field 
level provides information about TK. The main question 
here is whether there will also be any quasi-elastic 
scattering presence when we have a hybridization gap 
open at EF. Riseborough has shown theoretically that one 
can have intra-band excitations with thermally activated 
integrated intensity, and should have the form of a quasi-
elastic spectrum which also exists within the gap region 
[3]. Further the quasi-elastic scattering may develop from 
spin fluctuations allowed by spin holes created in the 
lower hybridized band by the replacement of nonmagnetic 
La for Ce. As pointed out by Riseborough [3], such intra-
band scattering is expected to be weak and distributed over 
a wide range of energies.  To find out whether there exists 
such quasi-elastic scattering in CeRu4Sb12, we have carried 
out high resolution and low energy inelastic neutron 
scattering measurements on the IRIS spectrometer, which 
has a resolution of 0.08 meV (FWHM) at the elastic 
energy. Our study did not reveal any clear sign of quasi-
elastic scattering at 4 K in CeRu4Sb12. This may suggest 
that gap opens over the entire Fermi surface or the quasi-
scattering is too weak to be detectable.  

 
 

3.1.3.1  Ce1-xLaxRu4Sb12 (x = 0-0.5): Importance of  
              single ion Kondo interactions in the gap  
              formation 
 
 The gaps observed in the Kondo insulator are 

extremely sensitive to doping in which f-electron atoms 
are substituted by non-f-electron atoms. The effect of 
disorder (or impurities) on the spin gap formation has been 
theoretically investigated using the PAM at half filling by 
Riseborough [75]. The effect of the impurities is treated 
within the coherent potential approximation (CPA). 

According to this calculation, the substitution of non-f-
impurities on the f-sites produces an impurity band within 
the gap, and a few percent of impurity concentration leads 
to an impurity band that spans the entire gap. The main 
effect of doping is thus to reduce the gap in the wave 
vector averaged spectral density and to introduce states 
within the gap, as observed experimentally in the inelastic 
neutron study of (Ce1-xLax)3Bi3Pt3 [73]. It is therefore 
interesting to investigate the effect of La-doping on the 
spin gap formation in CeRu4Sb12. 

The bulk properties of Ce1-xLaxRu4Sb12 (x=0-0.1) 
have been reported by Takeda et al. [34,65].  Surprisingly 
the NFL behaviour observed in the heat capacity at low 
temperatures for x = 0 has been suppressed completely for 
x = 0.1 (10 % La-doping) (see Fig. 3d). Very similar 
behaviour has also been observed in the low temperature 
susceptibility (Fig. 3a). More interestingly, the 
susceptibility behaviour at high temperature is not affected 
by La-doping as high as 50 % (Fig. 3b). We have also 
measured the susceptibility of a Ce0.2La0.8Ru4Sb12 single 
crystal that exhibits a maximum near 90 K and very 
similar temperature dependence to that observed in x = 0-
0.5, but the magnitude of the susceptibility was found to 
be negative, which we attribute to the diamagnetism from 
the Sb-flux. These results reveal that the observed 
maximum in the susceptibility of CeRu4Sb12 at 100 K is 
nearly independent of the La-doping. This may suggest 
that the spin gap still exists in the La-doped samples. Thus 
in order to confirm the presence of the spin gap in Ce1-

xLaxRu4Sb12 (x=0-0.5), we have also investigated x=0.5 
compound using inelastic neutron scattering 
measurements. The magnetic response obtained from Ce1-

xLaxRu4Sb12 (x=0.5) compound, after subtracting the non-
magnetic phonon contribution, is plotted in Fig.6b: for 
comparison we have also plotted the response from x=0 in 
Fig.6a. It is clear from Fig.6 that the magnetic response of 
x=0.5 reveals a broad peak near 30 meV as seen in the 
parent CeRu4Sb12 compound. Considering the observed 
peak in the susceptibility, which is also related to TK and 
hence with the spin gap energy (discussed below), we 
interpret the observed inelastic peak in x = 0.5 as due to 
the presence of the spin gap. It would be interesting to 
carry out an optical study on x=0.1-0.8 alloys to find out 
whether the charge gap does exist in these compositions. 
The susceptibility behaviour together with the inelastic 
neutron scattering confirm that the spin gap in Ce1-

xLaxRu4Sb12 arises due to the single ion type interactions 
and not Kondo lattice formation as required in the 
theoretical models [3, 8-11]. Very similar conclusions 
have been obtained for the observed anomalous properties 
at low temperature and gap formation in Ce1-xLaxOs4Sb12 
(x=0, 0.02 and 0.1) through the heat capacity, resistivity 
and magnetic susceptibility measurements [76]. In these 
compounds the transport gap and the maximum in the 
susceptibility, which is related to TK and hence the spin 
gap, have been found to be independent of the La-doping. 
However, the low temperature heat capacity and magnetic 
susceptibility are very sensitive to the La-doping [76] and 
decrease dramatically with increasing La-concentrations 
similar to that observed in Ce1-xLaxRu4Sb12. 
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Fig. 6 (color online) (a-d) The magnetic response from 
Ce1-xLaxRu4Sb12 (x=0 and  0.5) at low scattering angles 
(19°) after subtracting off the nonmagnetic scattering at  
                                         5 K 

 
It is interesting to compare the results of Ce1-

xLaxRu4Sb12 with those of (Ce1-xLax)3Bi4Pt3 (0 to 0.25). In 
the latter system, the La-doping acts to progressively 
decrease the energy gap with increasing x, as seen through 
inelastic neutron scattering measurements [73]. This is 
also in agreement with the observed decrease in the value 
of Tmax, at which the susceptibility exhibits a maximum 
and a decrease in the activation energy observed through 
the resistivity [77]. The decrease of the energy gap with 
increasing x tracks similar behaviour in the single ion 
Kondo temperature [77]. The existence of a spin gap even 
for x = 0.25 suggests that coherence effects are not as 
significant as most of the theories have predicted, and that 
the spin dynamics are more or less governed by local 
physics. Possibly, the gap suppression with increasing x is 
caused by negative chemical pressure created by 
expanding the lattice with La substitution, which is 
consistent with the charge gap increasing with applied 
pressure.  
 

3.2 CeOs4Sb12: Two spin gaps 
 
3.2.1 Crystal structure and bulk properties 
 
CeOs4Sb12 is also a member of the skutterudite family 

and crystallizes in the cubic structure, which is discussed 
previously in section 4.1a. The first evidence of Kondo 
insulating behaviour with a very small transport gap of 10 
K in CeOs4Sb12 was reported from the transport 
measurements [24]. The resistivity is metallic at room 
temperature, but increases strongly, with decreasing 
temperatures, below 50 K. On the other hand, the specific 

heat coefficient, γ ~90-180 mJ mole-1 K-2 [24, 78-79] and 
enhanced Pauli susceptibility indicate strongly correlated 
electron behaviour of CeOs4Sb12 [24]. The temperature 
dependence of the susceptibility exhibits a broad 
maximum near 100 K, which can be explained using either 
a crystalline electric field (CEF) model with a CEF 
splitting of ~28 meV for the Ce3+ ion [24] or a valence 
fluctuation model.  

0

2

4

6

S M
 (Q

, ω
) (

m
br

/s
r/

m
eV

/C
e-

at
om

)

Ei=100 meV

Q  = 2.6 Å-1

T = 5 K

Energy transfer (meV)
0 20 40 60 80

0

2

4

6
(b)

(a)

CeRu4Sb12

Ce0.5La0.5Ru4Sb12

Interestingly, the optical conductivity of CeOs4Sb12 
shows a strongly temperature dependent response with a 
pronounced peak at 70 meV below 160 K, and a weak 
shoulder at 30 meV below 60 K [63, 64]. This behaviour 
of the conductivity of CeOs4Sb12 was attributed to an 
opening of the charge gaps in the strongly hybridized band 
near EF. The peak at 70 meV was interpreted in terms of 
an optical excitation across the direct gap with a 
momentum conserving (∂Q = 0) dipole allowed transition 
between the two hybridized bands. On the other hand, the 
origin of the weak shoulder at 30 meV was tentatively 
attributed to an optically forbidden transition (∂Q ≠ 0), 
which might be allowed with a weak intensity in the 
presence of defects or an impurity [63, 64]. The key 
question regarding the charge gap feature found in 
CeOs4Sb12 is whether it is somehow connected to the spin 
degrees of freedom. Furthermore, it would be interesting 
to understand the origin of 30 meV peak in the optical 
study and the nature of the 4f-electrons in CeOs4Sb12. 
Inelastic neutron scattering is an ideal technique for a 
detailed investigation of the observed features at 30 and 70 
meV in the optical study of CeOs4Sb12. Here we present a 
brief summary of our inelastic neutron scattering study on 
CeOs4Sb12 and the detailed results have been reported in 
ref. [53]. 

 
 
3.2.2 Inelastic neutron scattering study:  Evidence of  
          two spin gaps 
 
Inelastic neutron scattering measurements on 

CeOs4Sb12 and on the nonmagnetic reference compound 
LaOs4Sb12 were carried out using the time-of-flight 
chopper spectrometer HET at ISIS facility, with incident 
neutron energies Ei = 23 and 200 meV at 5 and 176 K.  
Fig.7 shows the estimated magnetic scattering from 
CeOs4Sb12 at 5 and 176 K with Ei = 23 meV. It is clear 
from Fig.7 that there is no magnetic scattering at 5 K, 
while at 176 K we can see a clear presence of quasi-elastic 
scattering. The absence of magnetic scattering at 5 K in 
CeOs4Sb12 demonstrates the spin gap formation near EF. 
Further at 176 K the magnetic response exhibits a quasi-
elastic scattering, which is very similar to that observed in 
CeRu4Sb12 and Ce3Bi4Pt3. The observed low energy 
magnetic response in CeOs4Sb12 seems to be in agreement 
with the temperature dependent response observed in the 
optical study and indicates the presence of a spin gap [63].  
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Fig.7. (color online) Magnetic scattering from CeOs4Sb12 
at 5 and 176 K, measured with Ei=23 meV [53].  The 
solid line represents the fit to a Lorentzian function. 

 
 

Fig.8 shows the estimated magnetic scattering in 
CeOs4Sb12 by subtracting off the phonon contribution 
using the LaOs4Sb12 data with Ei = 200 meV at 5 K. The 
inset shows clearly that the magnetic scattering is greater 
at 5 K than at 176 K. The vertical arrows indicate the 
position of the charge gaps observed in the optical study 
[63]. At 5 K, the magnetic scattering has a peak around 27 
meV and extends as high as 80 meV. Furthermore, the 
estimated magnetic scattering at 176 K shows similar 
behaviour, but with a much reduced intensity between 25 
and 80 meV (Inset Fig. 8). Again the Q-dependence of the 
energy integrated intensity between 30 and 75 meV 
follows, as expected, the square of the Ce3+ magnetic form 
factor. 
 

 
 

Fig. 8. (color online) The estimated magnetic scattering 
of CeOs4Sb12 at 5K after subtracting the scattering from 
LaOs4Sb12 (see text) [53]. The solid and dash lines 
represent the fit using two Lorentzian functions (see text). 
The inset shows the magnetic scattering at 5 and 176 K  
                              for comparison.  

 
The analysis of the magnetic scattering data at 5 K 

taken with Ei = 200 meV was carried out using a single 
Lorentzian function convoluted with the instrument 
resolution function (fit not shown here). However, this 
approach did not give a good fit to the data between 40 
and 80 meV. Thus two Lorentzian functions were used to 

fit the data, which improve the fit in this energy range (see 
Fig.8, where the solid line represents the fit and the dash 
lines represent the components of the fit), and yields peaks 
centred at 27(2) and 48(2) meV with linewidth of 5.2 meV 
for both peaks. The value of χ´(0) estimated from the total 
intensity of these peaks is 4.0(5) x 10-3 emu/mol. This 
analysis seems to support our claim that there exist two 
energy gaps in the inelastic response of CeOs4Sb12, which 
is in agreement with the optical study [63].  

The two energy scales, 27 and 50-60 meV, seen in our 
inelastic neutron scattering of CeOs4Sb12, are unusual and 
not commonly observed in spin gap systems. However, we 
note that two energy scales have been observed in recent 
studies of polycrystalline YbAl3 and single crystal studies 
of YbAl3 and YbB12 [61, 72, 80-81]. Following the 
discussions given in these publications, we can interpret 
the low energy excitation seen at 27 meV as an indirect 
excitation, with ∂Q ≠ 0, across the hybridized bands, while 
the higher energy excitation at 50-60 meV may originate 
from a direct excitation across the hybridized bands with 
∂Q = 0: it is to be noted that due to the kinematic 
limitation of neutron scattering one cannot have ∂Q = 0 at 
finite energy transfer. The intensity of inelastic transitions 
in interband scattering (i.e. indirect and direct transitions) 
is proportional to the product of the DOS in the initial and 
final states [61]. As mentioned previously, the theoretical 
calculations show that the top of the lower band and 
bottom of the upper band are strongly dominated by 4f-
density of states and the remaining part of the bands are 
dominated by conduction electrons, hence low density of 
states [3].  Therefore, the intensity of the low energy peak 
(i.e. the indirect excitation) is expected to be stronger than 
that of the high energy peak (i.e. the direct excitation). In 
this scenario, the most intense peak occurs at the threshold 
value of energy transfer for the indirect transitions from 
the zone boundary of the lower band to the zone centre of 
the upper band. Further it is very interesting to note that a 
recent study of the nuclear-spin relaxation rate 1/T1, 
measured using Sb-NQR, of CeOs4Sb12 showed the 
presence of a gap ∆NMR = 27.6 meV [82], which is 
remarkably similar to the spin gap of 27 meV (low energy 
gap) found in our neutron scattering studies.  

 
 
 
3.3 CeFe4Sb12: Single ion versus intersite  
        interactions 
 
3.3.1  Crystal structure and bulk properties 
  
Recently the cubic compound CeFe4Sb12 has been 

extensively investigated using magnetic susceptibility, 
heat capacity, resistivity, Hall effect, 121Sb-NQR and 
optical measurements [35, 83-85], which suggest that the 
physics of this system is reminiscent of that found in 
CeRu4Sb12 and CeOs4Sb12, i.e. the opening of a gap near 
EF. The transport gap of 50 meV deduced from the Hall 
effect experiments agrees very well with the peak 
observed in the optical conductivity at 50 meV in 
CeFe4Sb12 [64, 83]. Further the magnetic contribution to 
the heat capacity exhibits a Schottky-type anomaly with a 
maximum close to 125 K. The analysis of the heat 
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capacity data based on the phenomenological model given 
by Riseborough [3], which considers that the Schottky-
type anomaly is due to a hybridization gap (or pseudogap), 
leads to the gap value of ∆E = 36 meV at EF  [54], that is in 
agreement with the value estimated through Hall effect 
and optical measurements [64, 83].  It is to be noted that 
the analysis of the heat capacity data based on the pure 
crystal field model did not explain the observed height of 
the heat capacity [54]. 

Electronic band structure calculations, using density-
functional theory within the local-density approximation 
(LDA) have been carried out for CeFe4Sb12 and CeFe4P12 
[86]. These calculations reveal that both compounds are 
small band-gap semiconductors, with a gap of 100 and 340 
meV, respectively [86]. Further the calculations reveal that 
the Ce is in a near trivalent state in both compounds and 
the Ce-4f states hybridize strongly with both Fe-3d states 
and Sb (or P) p orbitals in the vicinity of the Fermi energy. 
This calculation reveals that the band gaps are the result of 
this hybridization. It is known that the LDA tends to 
underestimate the intra-atomic correlation of Ce 4f 
electrons and hence overestimates the hybridization, one 
can expect that the calculated band gaps are overestimated 
rather than underestimated, which is otherwise the usual 
tendency in the LDA.  

 
3.3.2  Inelastic neutron scattering study: Single ion  
          versus inter-site interactions 
 
The inelastic neutron scattering investigations on 

CeFe4Sb12 and the non-magnetic reference compound 
LaFe4Sb12 have been carried out at 5 K and 300 K with 
incident energies Ei = 150 and 250 meV and the detailed 
results are reported in ref. [54]. The comparison of the 
scattering between these compounds clearly indicates the 
presence of magnetic scattering above 40 meV and at 5 K 
in CeFe4Sb12. The estimated magnetic scattering in 
CeFe4Sb12 at 5 and 300 K is shown in Fig.9a&b. 
Interestingly at 5 K, we can see a broad inelastic peak 
centred around 50 meV, while at 300 K the magnetic 
response becomes clearly of the quasi-elastic type. This 
kind of temperature dependence of the magnetic signal has 
been observed in other skutterudite compounds such as 
CeRu4Sb12 [50, 51] and CeOs4Sb12 [53] and also in the 
Kondo semiconductor Ce3Bi4Pt3 [73] and the metallic 
Kondo compounds YbAl3 [70, 72, 80, 81]. This observed 
temperature dependence of the inelastic response is in 
agreement with the theoretical calculations of the 
dynamical susceptibility for Kondo insulators [3].    

The analysis of the observed broad magnetic response 
near 50 meV in CeFe4Sb12 at 5 K using a Lorentzian 
spectral function gave the spin gap energy ∆Spin= 40 (3) 
meV, and the linewidth (HWHM) of about 27 (3) meV. 
On the other hand, at 300 K the response is better fitted 
with a quasi-elastic peak (centred at zero energy) with a 
linewidth of 20 (3) meV. It is interesting to compare the 
value of the susceptibility estimated through inelastic 
neutron scattering measurements with that determined 
using a conventional magnetometer. Using the sum rule 
for the uniform bulk susceptibility, χ′(0) = 2.8(4)×10-3 
emu/mole at 5 K and 2.7 (2) ×10-3 at 300 K have been 
estimated [54]. These values are very close to the value of 
2.4×10-3 emu/mole estimated from the Ce bulk magnetic 

susceptibility χ(300 K). Furthermore a paramagnetic 
effective moment of µeff = 2.3 (1) µB at 5 K has been 
extracted using the sum rule of S(Q,ω), which is in good 
agreement with that estimated from the bulk susceptibility 
as discussed previously. The simulation of the inelastic 
response based on the crystal field model supports the 
conclusion that the inelastic response in CeFe4Sb12 arises 
from excitations across the two hybridized bands and is 
not due to the pure cubic crystal field excitation [54]. 

Since the neutron scattering results confirm that the 
spin gap does exist in CeFe4Sb12, it would be interesting to 
determine its Q-dependence. The contour plot as a 
function of energy transfer versus |Q| shown in Fig. 10a 
for the magnetic scattering in CeFe4Sb12 at 5 K reveals a 
broad inelastic peak near 50 meV, whose position is nearly 
independent of Q. This may indicate a single ion Kondo 
type response in agreement with the susceptibility 
measurements of Ce1-xLaxFe4Sb12 (x = 1 to 0.5), which 
reveal that the peak in the susceptibility is nearly 
independent of La-doping [83]. However, the Q 
dependence of the energy integrated intensity between 40 
and 65 meV for both the incident energies of 150 and 250 
meV exhibits a broad maximum near Q~2 Å-1 (Fig. 10b). 
This behaviour is different from that observed in 
CeRu4Sb12 and CeOs4Sb12 and from that expected for the 
magnetic form factor of Ce3+: for comparison purpose the 
Ce3+ magnetic form factor squared (F2(Q)) has also been 
plotted in Fig.10b (solid line).   
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Fig. 9. (color online) Inelastic neutron scattering spectra 
showing the Ce magnetic response for CeFe4Sb12 at 5 
and 300 K after subtraction off the nonmagnetic 
scattering [54]. The solid line represents the result of the 
refinement (see the text for details). Dash-dotted lines 
show the separated contributions of the elastic, inelastic  
                         and background signals. 

 
At present there is no clear explanation for the 

observed Q-dependence behaviour of the intensity in 
CeFe4Sb12 [54].  One of the possibilities is that it may be 
due to the presence of weak short-range exchange 
interactions between the Ce and Fe ions. As Ce-Ce 
distances are larger (7.91 Å) in CeFe4Sb12 as well as the 
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maximum in the susceptibility of Ce1-xLaxFe4Sb12 is 
independent of La concentration [83], which furthermore 
support the single impurity type behaviour of the Ce ions. 
Thus, it is quite possible that weak inter-site correlations 
may exist between the Ce and Fe atoms,  due to the shorter 
Ce-Fe distance 3.95 Å as well as to the paramagnetic 
nature of the Fe ion in CeFe4Sb12, and most likely 
responsible for the observed Q-dependence intensity. This 
interpretation has been supported through the band 
structure calculations discussed previously, which reveal 
the presence of strong hybridization between Ce-4f and 
Fe-3d electrons. An important role of the Fe ion in 
CeFe4Sb12 can be seen when we consider the spin gap 
energy of 40-50 meV, which is relatively larger than that 
of 30 meV in CeRu4Sb12 and 27 meV in CeOs4Sb12. This 
is also true for the Pr-based skutterudite superconductors: 
PrT4Sb12 (T=Fe, Ru and Os) all having a singlet ground 
state [87-89]. The Pr compounds with T = Os and Ru are 
superconducting with Tc ~ 1.9 K and 1 K, respectively, but 
no superconductivity has been observed in T = Fe 
compound. This observation again suggests the special 
role played by the Fe ion in both the Ce and Pr-based 
skutterudite compounds. 
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Fig. 10.  (color online) (a) Contour map of the magnetic 
scattering for CeFe4Sb12 at 5 K plotted as a function of 
energy transfer (E) and wave vector transfer |Q|. The 
scattering intensity is color-coded, and (b) Q dependence 
of the energy integrated intensity between 40 and 65 meV 
at   5 K   for   an   incident   energy   of   150 meV  (green  
         diamond) and of 250 meV (red circle) [54]. 

 

3.4 CeRhAs: A large spin gap formation  
 
3.4.1 Crystal structure and bulk properties 
 
The compounds exhibiting spin gap behaviour usually 

crystallize in a cubic structure [7]. There are only a few 
non-cubic compounds, which have been reported to show 
a gap formation at EF, for example the orthorhombic 
CeNiSn and CeRhSb and the tetragonal U2Ru2Sn and 
U2RuGa8 [16, 17, 29, 36]. Interestingly enough, CeRhAs is 
one of such examples that exhibits a gap formation at low 
temperatures and shows anomalous structural, magnetic, 
and transport properties below 500 K [27]. At room 
temperature it crystallizes in the orthorhombic TiNiSi-type 
structure, similar to that of CeNiSn and CeRhSb, while 
above T1=360 K it exhibits a structural transformation to 
the hexagonal LiGaGe-type [27]. Further two additional 
phase transitions at T2=235 K and T3=165 K have been 
identified by the formation of the superlattice peaks in the 
x-ray diffraction study as well as anomalies in the 
resistivity, magnetic susceptibility and heat capacity 27]. 
The susceptibility exhibits a maximum at Tmax = 510 K, 
below which the gap is believed to open. The temperature 
dependent resistivity shows strong anisotropy and exhibits 
step-like anomalies at 360, 235 and 165 K, and increases 
by two orders of magnitude on cooling to 1.5K [27]. 

The gap energy estimated from the transport 
measurements is ∆trans = 40-50 meV [90], while high-
resolution photoemission spectroscopy studies show a gap 
of ∆PES=90-100 meV [91]. We note that the gap obtained 
from the photoemission experiment is close to the charge 
gap of ∆char=100 meV estimated from optical study [92]. 
On the other hand, an NMR study found a much smaller 
energy gap, i.e. 23 meV [93]. Further the results of the 
electronic band structure calculations predict that the 
ground state of CeRhAs is insulating with an indirect band 
gap of 38 meV [94].  Furthermore the electron tunnelling 
measurements reveal the gap energy of 500 (±100) meV at 
4 K in CeRhAs [90], which is very high compared to that 
estimated through other techniques mentioned above [ 91-
95]. Thus it is interesting to investigate the magnitude of 
the spin gap and its q-dependence in CeRhAs through 
inelastic neutron scattering that gives direct information on 
the magnitude of the spin gap formation. In the following 
section, we have summarized our inelastic neutron 
scattering results on CeRhAs and the detailed results are 
published in ref.  [95]. 

 
 
3.4.2 Inelastic neutron scattering study: A large spin  
         gap formation 
 
The inelastic neutron scattering measurements were 

carried out on a polycrystalline sample of CeRhAs with 
two different neutron incident energies of Ei = 23 and 500 
meV at 7 K using the time-of-flight spectrometer HET at 
ISIS  [95]. To estimate correct phonon contributions, we 
also measured non-magnetic isostructural LaRhSb under 
identical conditions. The observed temperature and 
momentum dependence of the 23 meV data at 7 K reveal 



D.T. Adroja,   K.A. McEwen,
 J.-G. Park, A.D. Hillier, N. Takeda, P.S. Riseborough, T. Takabatake 1730

 
that there is no additional magnetic scattering in CeRhAs 
compared with LaRhSb below 20 meV. On the other hand, 
our higher energy measurements with Ei = 500 meV (Fig. 
11a) show clearly that there is an extra scattering between 
100 and 400 meV at the low angle (4.9°) in CeRhAs 
compared with that of LaRhSb. Further the estimated 
magnetic scattering exhibits a broad peak centred near 150 
meV and extends up to 400 meV (see Fig. 11c). Therefore, 
these results indicate that the characteristic energy scale 
for CeRhAs is 150 meV. Interestingly enough, this energy 
scale is in good agreement with the broad peak observed at 
~ 510 K in the bulk susceptibility with TK = 3×Tmax(χ) (TK 
= 1530 K) according to a single impurity Anderson model 
[67]. It is to be noted that for CeT4Sb12 (T=Ru, Os and Fe) 
we found the spin gap energy that agrees well with 
3×Tmax(χ) [53, 54]. The Q-dependence of the magnetic 
intensity, integrated between 120 and 350 meV, follows as 
expected the theoretical magnetic form factor squared of 
Ce3+ ion (inset Fig. 11b). Further, comparison of the spin 
gap energy of 150 meV with that of charge gap of 100 
meV reveals that the spin gap is larger than the charge gap 
in CeRhAs, which is not the case for CeT4Sb12 (T=Ru, Os 
and Fe). At present we do not have any clear explanation 
for this particular behaviour and suggest that more 
experimental as well as theoretical investigations, 
especially single crystal neutron studies, are needed to 
fully understand the gap formation in CeRhAs. 
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Fig. 11. (color online) Inelastic response from CeRhAs 
and LaRhSb measured with Ei=500 meV (a) from the low 
scattering angle (4.9°), (b) from the high scattering angle 
(110°), and (c) our estimate of magnetic response for 
CeRhAs at the low scattering angle. The solid line 
represents the fit using a Lorentzian function. The inset 
in (b) shows the Q dependence of the inelastic peak 
intensity integrated from 120 to 350 meV (symbols) and 
the solid line represents the square of the theoretical 
Ce3+ magnetic form factor 
 

4.5 U2-xThxRu2Sn: Kondo lattice effect in the spin  
      gap formation 
 
4.5.1 Crystal structure and bulk properties 
 
U2Ru2Sn crystallizes in the tetragonal Mo2FeB2-type 

structure [96], an ordered derivative of the U3Si2-type 
structure, with space group P4/mbm (number 127) (see 
Fig.12).  It is worth emphasising the distinct layer-type 
crystal structure of this compound that provides a unique 
possibility for the 2D nature of magnetic exchange 
interactions between the U-U atoms. The layers are 
composed of two different alternating atomic layers, one 
containing only U atoms and the other one with Ru and Sn 
atoms. The U-U distance in the a-b plane is 3.920 Å and 
parallel to c-axis is 3.563 Å. In U2T2X compounds, the 
shortest U-U links are found either in the basal plane or 
along the c-axis depending on the choice of the constituent 
elements. Theoretical studies explain some of the unusual 
properties of U2T2X (T = transition metals and X=Sn and 
In) compounds as being due to strong hybridization 
between the f-electrons of U atoms and the d-electrons of 
the transition metals [97].  
 

 

 
 

Fig. 12. (color online) The tetragonal unit cell of U2Ru2Sn. 
 
 

The first resistivity study of U2Ru2Sn revealed 
semiconducting behaviour below 40 K,  −log(T)  
behaviour  at high temperatures and a drop below 100 K 
due to an onset of coherence in the Kondo lattice [29]. 
These observations suggest the Kondo insulator or 
semimetal type ground state with a transport energy gap of 
1.43 (1) K at EF in U2Ru2Sn [29]. Further support of a gap 
formation comes from the specific heat, 
magnetoresistance, Hall coefficient, thermal conductivity, 
thermoelectric power, and 119Sn NMR measurements on 
U2Ru2Sn [98-102]. The estimated energy gap in U2Ru2Sn 
from the specific heat and the first NMR measurements is 
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approximately of 160 K [100, 102]. However, from recent 
119Sn NMR measurements, Rajarajan et al. [103] have 
obtained the gap of 230 K. Further the Knight shifts (KS) 
exhibit strong anisotropy that increases at low 
temperatures with a maximum at 230 K (c//H) and 250 K 
(c⊥H). Electronic band structure calculations have been 
carried out for U2Ru2Sn [104] by tight binding LMTO 
method that also lead to a pseudogap at EF, with a finite 
DOS indicating a semimetallic character. Further the DOS 
in the vicinity of the Fermi energy shows a V-shaped 
pseudogap at about 40 meV below the Fermi level [104]. 
The susceptibility measurements on polycrystalline 
U2Ru2Sn revealed a distinct maximum in the susceptibility 
near temperature 170 K [99], while the presence of strong 
anisotropy is evidenced in the single crystal susceptibility 
measured for both directions a and c, which passes through 
a broad maximum at temperatures around 170 or 190 K, 
respectively (see Fig.13) [102, 105]. 

 
 

Fig. 13. (color online) Temperature dependences of 
magnetic susceptibility and the inverse susceptibility of 
single crystalline U2Ru2Sn along the c and a axes (from  
                                R. Troć [105]). 
 

 
Furthermore it is interesting to mention here the effect 

of Th substitution for U in U2Ru2Sn on the bulk properties 
[106]. The magnetic susceptibility and resistivity of (U1-

xThx)2Ru2Sn (x=0 to 0.2) change dramatically with Th-
doping. The maximum in the susceptibility near 170-190 
K becomes less pronounced and the low temperature 
susceptibility exhibits a considerable increase with the Th-
doping. For (U0.8Th0.2)2Ru2Sn the high temperature 
susceptibility exhibits Curie-Weiss behaviour and deviates 
considerably from it below 100 K [106]. The resistivity of 
this sample shows a very weak temperature dependence 

between 4 and 300 K. The effect of Th doping in U2Ru2Sn 
clearly reveals that the U-lattice (i.e. Kondo lattice) is 
playing an important role in the physical properties of this 
compound, which is not the case in Ce1-xLaxRu4Sb12 and 
Ce1-xLaxFe4Sb12. Thus in order to understand the nature of 
the 5f-electronic state and the role of Kondo lattice in the 
gap formation, we have carried out inelastic neutron 
scattering measurements on U2Ru2Sn and 
(U0.8Th0.2)2Ru2Sn and the results are discussed below: the 
detailed results will be published elsewhere [107].  

 
4.5.2  Inelastic neutron scattering study: Kondo  
         lattice effect in the spin gap formation 
 
The inelastic neutron scattering measurements were 

carried out on polycrstalline samples of U2Ru2Sn and 
(U0.8Th0.2)2Ru2Sn on the HET spectrometer at ISIS with an 
incident neutron energy of 250 meV at 7 K. A non-
magnetic phonon reference sample Th2Ru2Sn was also 
measured under identical conditions in order to subtract 
the phonon background from the observed total inelastic 
response of U2Ru2Sn and (U0.8Th0.2)2Ru2Sn. Fig. 14a & b 
show the estimated magnetic response after subtracting off 
the phonon signal in these compounds. It is clear from Fig. 
14a that the magnetic response increases above 25 meV 
and exhibits a broad peak near 70 meV. Further the 
magnetic response extends up to 240 meV.  The absence 
of a magnetic response below 25 meV was also confirmed 
from our low energy measurements (data not shown here). 
The observed magnetic response indicates the formation of 
a spin gap in U2Ru2Sn near EF. As discussed in the 
previous spin gaps systems: CeT4Sb12 and CeRhAs, we 
can take the peak position as a measure of the spin gap 
value in U2Ru2Sn that gives the spin gap value of 81(3) 
meV at 7 K. This value is significantly higher than the 20 
meV (230 K) estimated from the recent NMR 
measurements [103] and much higher than that estimated 
from the heat capacity measurements, 14 meV (160 K) 
[100, 101]. As shown by Adroja et al. [53] and also 
discussed below in the next section, there is a universal 
scaling relation between the spin gap energy and the 
Kondo temperature, TK = 3× Tmax(χ). If we take the peak 
position of the susceptibility at 190 K (for the single 
crystal B//c-axis, which is an easy axis) then this gives a 
spin gap of 50 meV [105]. However, the estimated spin 
gap from the inelastic peak position is higher than that 
predicted using the susceptibility peak, but close to that 
3×TKS

max, where TKS
max is the temperature where KS 

exhibits a maximum. At present we do not have any clear 
explanation for this discrepancy, but one of the reasons 
could be the presence of strongly anisotropic 
hybridization, which results into a wave vector 
dependence gap and hence a single crystal neutron 
scattering study is high desirable. It would also be 
interesting to investigate the charge gap in U2Ru2Sn by an 
optical study and make a direct comparison with the 
observed spin gap. This might throw some light on the 
observed discrepancy between the spin gap and the 
susceptibility maximum. Interestingly, when we compare 
the magnetic response of (U0.8Th0.2)2Ru2Sn with that of 
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U2Ru2Sn it is clear that the magnetic response has moved 
to lower energy and there is a strong quasi-elastic 
scattering presence in the former (see Fig. 14a & b). These 
observations are in agreement with the temperature 
dependence of the susceptibility and resistivity and may 
suggest that the spin gap has collapsed (or renormalized 
dramatically) in (U0.8Th0.2)2Ru2Sn, indicating that the 
Kondo lattice effect is playing an important role in the spin 
gap formation in U2Ru2Sn. 
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Fig.14. (color online) Inelastic magnetic response after 
subtracting the phonon background from (a) U2Ru2Sn 
and, (b) (U0.8Th0.2)2Ru2Sn for the low scattering angle  
                               (19°) at 7 K. 

 
 

5. Comparison between the spin gap and  
    charge gap 
 
It is interesting to compare the absolute value of the 

spin gap energy estimated from the inelastic neutron 
scattering measurements with that of the charge gap 
estimated through the optical studies, and to compare the 
ratio between these two gaps with the theoretical 
predictions [20, 74, 108-109]. In Table-1 we have given 
the value of the spin gap, estimated from the inelastic 
neutron scattering, the charge gap estimated from the 
optical study, and the ratio of the spin gap and charge gap 
for the systems investigated in the present work along with 
many other Kondo insulators or mixed-valence systems 
for comparison purposes. It is clear from Table-1 that for 
CeT4Sb12 (T=Ru, Fe and Os) the spin gap is smaller than 
the charge gap and the ratio of the spin gap to charge gap 
varies from 0.64 to 0.9.  It is to be noticed that the absolute 
value of the spin gap of 40 meV observed in CeFe4Sb12 is 
larger than the spin gap value of 30 meV and 27 meV 
observed in CeRu4Sb12 and CeOs4Sb12, respectively, which 
indicates the presence of stronger hybridization in the 
former compound. Further, Table-1 reveals that for YbAl3 
and CeNiSn the value of the spin gap is much smaller than 

that of the charge gap and the ratio is close to 0.33. The 
theoretically predicted value of this ratio for the infinite 
dimensional Anderson lattice model is 0.3-0.4 [74, 91] and 
for the 1-dimension Anderson lattice mode is to 0.7-0.9 
[20, 91, 108]. Further it has been shown that for the one-
dimensional (1D) Kondo lattice model at half-filling the 
charge gap is greater than the spin gap for all value of 
coupling strengths (Jsf) [109]. The ratio of the spin gap to 
charge gap is very much depends on the strength of Jsf.: for  
Jsf ~ 2-4 the ratio is 0.7-0.73 [109]  Furthermore the model 
based on Wigner crystallization of electrons proposed by 
Kasuya et al  [110] reveals that the spin and charge gaps 
have the same magnitude [110]. Since the mechanism of 
gap formation in this model originates in a charge density 
wave at low temperature, the resultant partial DOS is 
expected to have almost the same shape for both f and 
conduction electrons. On the other hand, the ratio of 1.5 
estimated for CeRhAs is high compared with that 
estimated for other systems mentioned here and also with 
the theoretical predictions. Further optical study on 
U2Ru2Sn is very important to understand the high value of 
the spin gap in this compound. 
 

Table 1. Magnitude of the Spin and charge gaps in heavy 
fermion systems. 

 
System Spin 

gap(meV) 
Charge gap 
 (meV) 

Spin/Char 

CeRu4Sb12 30 47 0.64 
CeFe4Sb12 40 50 0.8 
CeOs4Sb12 27 & 50 30 & 70 0.7-0.9 
YbAl3 30 100 0.30 
Ce3Bi4Pt3 21.5 38.8 0.55 
CeNiSn 2-4.5 10 ~ 0.33 
YbB12 14 25 0.56 
CeRhAs 150 ~100 1.5 
U2Ru2Sn 70 ? ? 
CeRhSn 20-30 ? ? 
 
 

Rozenberg et al. [74] have calculated the local spin-
spin susceptibility (related to the spin gap) and charge-
charge susceptibility (related to the charge gap) as well as 
the optical conductivity of the periodic Anderson model in 
their dynamical mean-field theory. The results of their 
calculations are presented in Fig. 15b. For comparison, we 
have also plotted the inelastic neutron scattering response 
and optical conductivity of CeRu4Sb12 in Fig. 15a. The 
comparison between theoretical and experimental results 
reveals very similar behaviour. Further the dependence of 
the spin gap and the charge gap on the Coulomb 
interaction U is shown in the inset of Fig. 15b.  According 
to this calculation, the Coulomb interaction U reduces the 
hybridization from its bare value V to a renormalized value 
V*, which decreases as U increases. As a consequence, the 
charge gap in the optical conductivity decreases faster than 
the spin gap with increasing U [74]. It is interesting to 
mention here that the gap in Ce1-xLaxRu2Sb12 (evidence 
from the neutron scattering results) as well as in Ce1-

xLaxFe2Sb12 and Ce1-xLaxOs2Sb12 (evidence from the peak 
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position in the susceptibility) seems to be independent of 
La-doping, which may suggest that the Coulomb 
interaction and hence the hybridization do not change 
much with the La-doping.  

 
 

6. Universal scaling relation between the spin  
     gap energy and Kondo temperature 
 
Adroja et al. [53] have reported that there exists a 

universal scaling between the spin gap energy estimated 
through the inelastic neutron scattering and the Kondo 
temperature estimated from the peak position of the 
temperature dependence of the susceptibility. Further, this 
scaling was also applied to a wider range of compounds by 
Viennois et al. [54], who have shown that very similar 
scaling behaviour exists between the spin gap energy and 
the associated anomalies in the heat capacity or thermal 
expansion for a series of Ce and Yb-based compounds. 
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Fig. 15 (color online) (a) Inelastic neutron scattering 
response and optical conductivity (from ref. 62) of 
CeRu4Sb12, and (b) the local spin-spin susceptibility and 
optical conductivity calculated for the periodic Anderson 
model within the dynamical mean-field theory with the 
parameters Coulomb interaction U=1 and hybridization 
V=0.2 from Rozenberg et al. [74]. The inset shows the 
variation of the charge (or indirect) gap (dotted line) and 
spin gap (solid line) as a function of Coulomb interaction  
                       U with V=0.2[74]. 

 
It is well known that for mixed valence systems one 

deals with the full degeneracy J=5/2 (7/2) of the 4f-
electron for Ce (Yb), which means one can use the high 

temperature Kondo temperature associated with the full 
degeneracy for the scaling analysis. According to the 
single impurity model [67], we can estimate the high 
temperature Kondo temperature TK through the maximum 
Tmax(χ) in the bulk susceptibility as TK= 3×Tmax(χ). 
Therefore it would be interesting to show a universal 
relation between the inelastic peak position (or spin gap 
energy) and the high temperature Kondo temperature TK or 
Tmax(χ), as shown in refs. [53, 54]. In Fig.16 we have 
plotted the peak position of the inelastic neutron scattering 
versus TK (or 3×Tmax(χ)) for many Ce and Yb based 
intermediate valence compounds. We can see that the 
excellent universal scaling relation is observed between TK 
or Tmax(χ)  and the inelastic peak position corresponding to 
the spin gap in all these compounds, notably for the case 
of three different CeM4Sb12 (M=Fe, Ru and Os) 
skutterudite compounds and CeRhAs. As we mentioned 
previously the value of spin gap in U2Ru2Sn is higher than 
that expected from the universal scaling discussed here 
and we need further investigation to understand this 
behaviour. 
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Fig. 16 (a-b) Peak position (EINS) in the inelastic neutron 
scattering (INS) vs. Kondo temperature estimated from 
the maximum of the magnetic susceptibility 
(TK=3×Tmax(χ)) in the intermediate valence systems and 
Kondo semiconductors [54]. 1: CeNiSn ; 2: YbCuAl ;3: 
YbPd2Si2 ; 4: YbCu2Si2 ; 5: SmB6 ; 6: YbCu4Ag ;              
7: CePt2Si2 ; 8 :YbB12 ; 9: Ce3Bi4Pt3 ; 10: CeRhSb ;              
11: YbAl3 ; 12: CePd3 ; 13: CeNi ;14: CeSn3 ;                       
15 : U2RuGa8.; 16: U2Ru2Sn. The solid line is a guide to 
the  eyes.  The  symbols  used   in  Fig.  16b  have  same  
                            meaning as in Fig. 16a 
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7.  Conclusions and further work 
 
We have carried out a systematic investigation of the 

spin gap formation in CeT4Sb12 (T=Ru, Os and Fe), 
CeRhAs and U2Ru2Sn compounds using inelastic neutron 
scattering measurements. We have found clear evidence of 
spin gap formation in these systems. Further our inelastic 
neutron scattering studies on CeOs4Sb12 reveals the 
presence of two spin gaps, which is in agreement with that 
observed through the optical study. Our magnetic 
susceptibility and inelastic neutron scattering 
measurements on Ce1-xLaxRu4Sb12 (x=0-0.50) reveal that 
the spin gap in this system is independent of La-doping, 
suggesting single ion Kondo interactions are responsible 
for the spin gap formation. Further, the susceptibility of 
Ce1-xLaxFe4Sb12 (x=0-0.8) also exhibits a peak, 
independent of La-doping, which may suggest that the 
spin gap formation in this system is also mainly due to 
single ion nature, and is independent of La-doping, despite 
that the magnetic intensity exhibits a peak near Q = 2 Å-1. 
Inelastic neutron scattering investigations on Ce1-

xLaxFe4Sb12 would be highly important to confirm the 
single ion nature of the spin gap in this system. We 
mention here that inelastic neutron scattering 
investigations on CeyFe2.75Ni1.25Sb12  (y=0.5) clearly show 
that the spin gap collapses with Ni-doping and the system 
exhibits a well-defined cubic crystal field excitation with 
an overall CF-splitting of 5 meV [55]. This result suggests 
that hybridization between Ce-4f and Fe-3d (or Ru-4d in T 
= Ru compound) is important for the gap formation, in 
agreement with the band structure calculations.    

Surprisingly, the temperature dependence of the 
susceptibility and inelastic neutron scattering response of 
Th-doped  U2Ru2Sn reveals a dramatic change with the 
doping, which indicates that the spin gap in U2Ru2Sn 
arises from the Kondo lattice effect. Further, the 
magnitude of the spin gap (70 meV) in U2Ru2Sn estimated 
from the inelastic neutron scattering is higher than that 
estimated through the heat capacity and 121Sn NMR 
measurements, which may be due to strong anisotropic 
hybridization as evidenced through the single crystal 
susceptibility measurements. It is important to investigate 
the charge gap in U2Ru2Sn using optical study and 
compare its magnitude with that of the spin gap. Further, 
we have discussed the universal scaling relation between 
the spin gap and the Kondo temperature and presented a 
comparison between the spin gap and charge gap 
magnitudes for many strongly correlated electron systems.  
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