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Spin gap formation in the heavy fermion skutterudite compound CeRu4Sb12
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CeRu4Sb12 is a mixed-valence Kondo-lattice system with a gap of 47 meV opening in the charge excitation
spectrum, measured by the infrared spectroscopy technique. In order to study the temperature and energy and
momentum dependence of the spin excitation spectrum, we have made inelastic neutron scattering measure-
ments over a wide range of temperature between 5 and 250 K with an incident neutron energy of 100 meV. Our
results measured at 5 and 60 K show that a spin gap of;30 meV opens in the magnetic spectrum and above
it the inelastic magnetic response forms a continuum right up to 95 meV. Surprisingly, the spin gap shows
neither wave vectorQ dependence within our resolution nor temperature dependence from 5 to 100 K. On the
other hand, the spin gap starts to fill up above 100 K and the magnetic response becomes purely quasielastic
at higher temperatures. The dramatic change observed above 100 K can be related to the coherence temperature
of the Ce 4f electrons while the observedQ independence of the spin gap implies that single-ion Kondo
interactions are important in the gap formation mechanism. We discuss our results in terms of theoretical
models.
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I. INTRODUCTION

Filled skutterudite compounds with a general formu
RET4X12 (RE5 rare-earth elements,T5Fe and Ru, andX
5Sb and P! crystallize in a unique body-centered-cub
structure~space groupIm-3). These compounds have a
tracted considerable attention because a variety of gro
states have been found within this rather simple crystal st
ture. Some of the ground states found in RET4X12 exhibit
heavy fermion behavior, magnetic ordering, metal-insula
transitions, possibly multiple superconducting phases, Ko
insulator, and hybridization gap formation.1–6 These various
ground states may result from competition between the in
site Ruderman-Kittel-Kasuya-Yosida interactions and the
site Kondo interactions depending on rare-earth ions a
many other strongly correlated electron systems.7–11

In strongly correlated electron systems where localizef
electrons and conduction bands are hybridized, there o
to be a gap forming in the electronic density of states n
the Fermi energy EF . This gap is called a hybridization gap
At high temperatures, hybridization gap systems are cha
terized by a collection of incoherent Kondo states. Howev
upon cooling below another characteristic temperature,
so-called coherence temperature, they develop stro
renormalizedf bands, which may exhibit either insulatin
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behavior as in Ce3Pt3Bi4 or a coherent metallic Kondo
lattice behavior as in YbAl3.12,13 Despite intensive theoreti
cal as well as experimental studies over two decades, a
understanding of the mechanism of the gap formation is
lacking. In particular, the roles played by the local Kon
coupling and the intersite correlations in the gap format
and its anisotropic nature are not well understood.

Among the rare-earth filled skutterudite compound
YbFe4Sb12 and CeRu4Sb12 are of particular interest due t
their strongly correlated electronic behavior in their bu
properties.14–17 Both compounds show intermediate valen
behavior in their magnetic susceptibility and electrical res
tivity, which exhibits an anomalous temperature depende
below 100 K.14,15 From the maximum around 100 K in th
static magnetic susceptibility of CeRu4Sb12,15 we may de-
duce a Kondo temperature ofTK5300 K according to the
single-impurity Anderson model,TK53Tmax, whereTmax is
the temperature at which the susceptibility exhibits a bro
maximum.18 This theoretical definition ofTK has been used
for many heavy fermion systems.19 Furthermore, the mag
netic contribution to the resistivity of CeRu4Sb12, deduced
by subtracting the resistivity of the isostructural nonmagne
compound LaRu4Sb12, shows a maximum near 80 K. Abov
this temperature, the resistivity shows a clear2 ln T depen-
dence. The temperature dependence of its resistivity thus
©2003 The American Physical Society25-1
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plies that CeRu4Sb12 forms a coherent Kondo lattice sta
below about 80 K.20 It is also of interest to note that th
electronic contributions to the heat capacity of both co
pounds are rather large, withg5140 mJ/mol K2 for
YbFe4Sb12 and 380 mJ/mol K2 for CeRu4Sb12, respectively.
This large electronic heat capacity undoubtedly suggests
the low-temperature states of both compounds are of mo
ate heavy fermion origin.14,15

Recent optical studies found that both compounds exh
a charge gap feature in their ac conductivity below 70 K w
a gap energy ofDcharge511.2 meV for YbFe4Sb12 and 47.1
meV for CeRu4Sb12.16,17Here the charge gap means a gap
the charge degrees of freedom. The effective masses
mated from these optical studies are also large:m*/ mb525
and 80 ~where mb is the band mass! for YbFe4Sb12 and
CeRu4Sb12, respectively, in agreement with the conclusio
drawn from the heat-capacity data.15 In the same study, a
universal scaling relationship was found to hold betweenm*
andDcharge for both compounds, in agreement with theor
ical predictions.17 An upturn in the Hall coefficient at low
temperatures, together with the optical conductivity resu
suggests that the carrier density of CeRu4Sb12 is reduced at
low temperatures.20 This conjecture was later corroborate
by the low density of states~DOS! measured aroundEF
using ultrahigh-resolution photoemission spectroscopy.21 A
further interesting point about CeRu4Sb12 is that it exhibits a
novel non-Fermi-liquid~NFL! behavior below 1 K in the
specific heat with the unusualT ln T dependence and below
K in the resistivity with aT1.65 dependence.15 However, in
this paper we focus on the nature of the hybridization g
using inelastic neutron scattering, and experimental feat
related to the NFL behavior will be published elsewhere.

One of the key questions regarding both CeRu4Sb12 and
YbFe4Sb12 is whether there is also a gap in the spin exci
tion spectrum~known as a spin gap! analogous to the charg
counterpart observed by the optical spectroscopy meas
ments. An experimental verification of the existence of a s
gap is very important to understand the nature of the cha
gap seen in the optical studies of CeRu4Sb12. If proven ei-
ther way, this key experimental result would then lead to
bare minimum Hamiltonian necessary for the description
the gap formation in CeRu4Sb12. If a spin gap indeed exists
then we may conjecture that the spin and charge gaps
probably, somehow, related to each other. This would t
lead us to an important related question, which is whether
gap in the spin excitations, and therefore probably also in
charge excitations, might show anyQ dependence. An an
swer to this question would be directly related to the und
lying microscopic mechanism of the gap formation: inters
coupling or on-site single-ion coupling. Another interesti
question is to understand how the gap formation is affec
by the coherence phenomenon of the strongly correla
electrons. At this point, we note that the earlier optical stu
cannot tell us anything about theQ dependence because
the intrinsic limitations of the technique itself, i.e., it is aQ
50 probe.

Inelastic neutron scattering is usually the best techniqu
answer most of the above questions if the spin excita
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spectrum of a given compound shows a gap feature. We h
therefore investigated the spin excitations in CeRu4Sb12 us-
ing this technique in order to understand the physics of
gap formation.

II. EXPERIMENTAL DETAILS

For this study, we used polycrystalline samples, wh
were prepared at ISSP, University of Tokyo, by the Sb-fl
method with an excess of Sb~1:4:20!. The mixture of con-
stituents was sealed in an evacuated quartz tube which
initially kept at 1000 °C for 10 h before being cooled dow
to 650 °C at a rate of 3 °C h21 inside a furnace. X-ray
powder-diffraction studies revealed that all our samples cr
tallized in the cubic phase except for a small trace of imp
rity peaks of RuSb2, which account for about 5% of the mai
cubic phase. We made our inelastic neutron scattering m
surements using the time-of-flight chopper spectrome
HET at the ISIS Facility, Rutherford Appleton Laborator
UK. We used an incident neutron energy ofEi5100 meV:
the energy resolution was about 4 meV at the elas
scattering position. We measured the inelastic scatte
from CeRu4Sb14 at 5, 60, 100, 150, and 250 K. Our scatte
ing function S(Q,v) measures the partial differential cros
section of neutrons scattered from the sample with mom
tum transfer ofQ and energy transfer ofv. Since we used a
polycrystalline sample in this study, we in fact measur
S(Q,v) as a function of modulus ofQ, uQu. For more details
of the measurements, see Ref. 22. In order to estimate
phonon scattering contribution, we also measured the n
magnetic reference compound LaRu4Sb12 under identical
conditions at 5 and 250 K. The data for LaRu4Sb12 at inter-
mediate temperatures were generated using the data tak
5 and 250 K after correction for the thermal population fa
tor. Since Ce and La have comparable atomic masses, we
expect very similar phonon densities of states and thus s
lar phonon contributions to the inelastic spectra
CeRu4Sb12 and LaRu4Sb12. All our data are given in abso
lute units after normalizing the results to the scattering fr
a vanadium standard sample.

III. RESULTS AND DISCUSSION

Since it is very important to estimate the correct nonm
netic contribution to the measured spectra for the analysi
the magnetic response of Ce compounds, we used two
ferent methods of obtaining the nonmagnetic contribution
CeRu4Sb12. In the first method, we used the so-called sc
ing method in which we estimated the nonmagnetic con
bution at low scattering angles (fav;19°) from the mea-
sured scattering of CeRu4Sb12 at high scattering angle
(fav;135°) by using an energy dependent scaling factor
determined from the direct measurements on LaRu4Sb12.
This procedure is based on two assumptions: first, the m
netic scattering intensity, which is proportional to the squ
of the Ce31 magnetic form factorF(Q)2, is negligible in our
high scattering angle data and second, the scaling fa
should be the same for both CeRu4Sb12 and nonmagnetic
LaRu4Sb12. In the second method, we employed a dire
5-2
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subtraction method to estimate phonon contributions us
LaRu4Sb12 as our phonon blank material, after allowing for
difference in the total scattering cross secti
s(CeRu4Sb12);0.9s(LaRu4Sb12). In our analysis, both
methods produced a very similar magnetic response
gave us confidence in the data analysis. However, since
second method gave slightly better behaved results in
tracting the nuclear elastic peak at zero energy transfe
this paper we present all our data analyzed using the se
method.

Figures 1~a!–1~d! show the total spectra from CeRu4Sb12
and LaRu4Sb12 measured at 5 K with an incident neutron
energy of 100 meV for the low (;19°) and high (;135°)
scattering angles. At the low scattering angle correspond
to Qelastic52.29 Å21 the total spectra from CeRu4Sb12 con-
tains both magnetic and phonon scattering contributions.
the other hand, the magnetic contribution is negligibly sm
at the high scattering angle corresponding toQelastic
512.84 Å21 because of the very small form factor of Ce 4f
electrons for such a largeQ value. As shown in Figs. 1~a!
and 1~b!, the inelastic response of LaRu4Sb12 shows two
clear peaks due to one-phonon scattering at;19 and
;30 meV and weak multiple scattering above 40 meV.
expected, the high scattering angle data of CeRu4Sb12 appear
to be very similar to those of LaRu4Sb12, which indicates
that the phonon scattering is in fact almost identical for
two compounds. This then justifies our use of the direct s
traction method to estimate the phonon contribution to
total spectra of CeRu4Sb12. To make this point clearer, w
overlay the estimated phonon contribution as a solid l
along with the total spectra~filled symbols! in Fig. 1~c!. This
shows a clear sign of a broad magnetic response
CeRu4Sb12 above 15 meV which extends right up to 95 me

The magnetic response of CeRu4Sb12, after subtracting
the phonon and elastic nuclear scattering, is shown for s
eral temperatures in Fig. 2. As can be seen in Fig. 2~a! for 5
K, the magnetic scattering is almost absent for energy tra
fers below 10–15 meV: it starts to develop with increas
energies and exhibits a broad peak at 30 meV. Accordin
theoretical studies,8 the peak position can be regarded as

FIG. 1. ~a,b! LaRu4Sb12 and~c,d! CeRu4Sb12 spectra taken at 5
K for low scattering angles (19°,Qelastic52.29 Å21) and high
scattering angles (135°,Qelastic512.84 Å21). The solid line in~c!
shows our estimated nonmagnetic phonon contribution using
low angle data of LaRu4Sb12 ~see the text!.
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estimate of the magnitude of the spin gap. For energy tra
fers higher than 30 meV, the magnetic scattering falls
gradually, and there is still a visible sign of magnetic scatt
ing even at the energy transfer of 95 meV. On increasing
temperature to 60 K, there is very little change in the d
regarding the intensity, position, and width of the magne
scattering@see Fig. 2~b!#. The first visible temperature depen
dence was observed when the sample was heated throug
coherence temperature ofTcoh580 K. As shown in Fig.
2~c!, the spin gap feature starts to fill up at 100 K while t
peak position hardly moves compared with the data take
lower temperatures. We recall that the static magnetic s
ceptibility also exhibits a maximum at 100 K, which implie
TK5300 K according to the single-impurity Anderso
model.15,18 It is to be noted that for valence-fluctuating sy
tems the position of an inelastic peak can be taken as
estimate of the Kondo temperature.13 A further rise in tem-
perature to 150 K completely destroys the gap in the m
netic response, which can now be described by a br
quasielastic peak. At 250 K, some intensity of the magne
scattering at high energy transfers shifts towards lower e
gies and its shape becomes purely quasielastic. We note
the peaklike structure seen near;10 meV at 250 K is an
artifact arising from the difficulties of making a precise su
traction of the elastic line. The overall drastic change in
magnetic response between 60 and 250 K again suggests
the temperature dependence of the spin gap is quite diffe
from that of a conventional band-structure gap. The colla
of the inelastic gaplike response and the appearance o

e

FIG. 2. ~a!–~e! The magnetic response from CeRu4Sb12 at low
scattering angles (19°) after subtracting off the nonmagnetic s
tering using the second method~see the text! at several tempera
tures. The solid and dotted lines in~a! show the curve fitting results
for the Kuramoto-Muller-Hartmann~KMH ! spectral function and
the Lorentzian spectral function, respectively~see the text!. The
arrow shows the position of the spin gap.
5-3



d

e

ea
ns
to

t o
m
b

t is
ve

.
ri-
tl
w

u

e

e-
up

ive

e
H

-

rgy

its

ic
the
ed at
ite
of
e
en-

es-
he
that
n
in-
ith

he
avy
ts.

a
e

te-

ADROJA, PARK, MCEWEN, TAKEDA, ISHIKAWA, AND SO PHYSICAL REVIEW B68, 094425 ~2003!
quasielastic scattering at higher temperatures observe
CeRu4Sb12 are similar to that observed in Ce3Bi4Pt3 and
YbAl3 and also in agreement with the predictions of theor
ical models.8,9,11

In order to analyze further the magnetic scattering m
sured at 5 K, we fitted the data using two model functio
one is a Lorentzian function and the other the Kuramo
Muller-Hartmann~KMH ! function.23 It is to be noted that a
Lorentzian function has a symmetric line shape, while tha
the KMH function has an asymmetric line shape. The asy
metry depends on the values of the parameters and has
experimentally observed for YbAl3.13 A further advantage of
the KMH function is that it allows us to estimate the 4f
occupancy. The physics behind the KMH function is that i
derived from the single-impurity Anderson model. Our cur
fitting results are given in Fig. 2~a! as a dotted line for the
Lorentzian function and a solid line for the KMH function
Although neither function yields an exact fit to our expe
mental data, the KMH function describes the data sligh
better than does the Lorentzian function. Furthermore,
were able to estimate the 4f occupancy (̂nf&) from the
curve fitting parameter using the KMH functiona
5sin(p^nf&/N), whereN is the degeneracy of the 4f state.
Our estimated value iŝnf&;0.798(3), which is consistent
with the mixed-valence behavior observed in the static s
ceptibility. To check further the value of^nf&, we have also
calculated the value of the effective paramagnetic mom

FIG. 3. ~a! The contour map of the magnetic scattering taken
5 K as function of energy anduQu. ~b! Energy dependence of th
magnetic scattering at a few selecteduQu positions.
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me f f of the Ce ion using a moment sum rule:*S(Q,v)dv
5Ame f f

2 F2(Q), whereA548.6 mb sr21mB
22 and F(Q) is

the magnetic form factor. By performing the numerical int
gration over the whole experimental energy transfer range
to 697 meV, we have deduced the value of the effect
magnetic moment to beme f f52.1460.3mB at 5 K. This
gives ^nf&;0.710(9), which is in good agreement with th
value obtained from the curve fitting results using the KM
function. We note that̂nf& obtained from the numerical in
tegration should be considered as a lower limit of^nf& be-
cause our integration is arbitrarily truncated at the ene
transfer of 97 meV.

We now discuss the wave-vector~Q! dependence of the
magnetic response. In Fig. 3~a!, we show a contour plot of
the magnetic scattering at 5 K asfunction of energy transfer
anduQu. We can see from this plot that the scattering exhib
a broad peak at 30 meV that is independent ofuQu. To make
this point clearer, we have made constantuQu cuts at three
different values ofuQu as shown in Fig. 3~b!. This picture
further confirms the nearlyQ independence of the magnet
response. One should bear in mind that the effects of
renormalized bands on the spectral response are expect
lower values ofQ than are possible to access with a fin
energy transfer>30 meV and an incident neutron energy
100 meV.13,24 In Fig. 4 we have plotted the intensity of th
magnetic scattering, integrated between 25 and 40 meV
ergy transfer, as a function ofuQu. TheQ dependence of the
peak intensity agrees well with theQ dependence of the
square of the Ce31 magnetic form factor~solid line! calcu-
lated using Brown’s method.25

The strong temperature evolution and nearlyQ indepen-
dence of the spin gap immediately raises an important qu
tion. What is the origin of the spin gap? The fact that t
observed magnetic response is very broad indicates
CeRu4Sb12 is in a strong-coupling limit, and hence one ca
naively discard the role of magnetic correlations and sp
density waves in the gap formation. This then leaves us w
only the viable scenarios based on the hybridization (Vc f)
scheme between 4f and conduction electrons such as t
Anderson model. The presence of the hybridization in he
fermion compounds naturally gives rise to Kondo effec

t

FIG. 4. TheQ dependence of the inelastic peak intensity in
grated over energies from 25 to 40 meV~symbols!. The solid line
represents the square of the Ce31 magnetic form factor calculated
using Brown’s method~Ref. 25!.
5-4
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Theoretical calculations based on such a single-impu
Anderson model indeed show a gap-type response in
dynamical susceptibility at low temperatures.7 Further calcu-
lations based on the Anderson lattice model~ALM ! also
show that a gap is opened in the electron density of st
nearEF depending on the hybridization amplitude,Vc f .8–11

Indeed, the spin gap seen in the ALM shows a weakQ de-
pendence and, simultaneously, a strong tempera
dependence.8,9 In this case, the magnitude of the indirect g
is ;Vc f

2 /W ~whereW is the width of conduction band!, while
the direct gap is;Vc f .11 Therefore, a system would b
semiconducting ifEF lies in the gap or metallic if it is out-
side the gap. The observedQ independent response i
CeRu4Sb12 indicates clearly that the gap arises from t
single-ion Kondo interactions. On the other hand, the te
perature evolution of the response suggests that the co
ence of the Kondo lattice also plays an important role in
gap formation. The importance of two characteristic te
peratures, the single-ion Kondo temperature and the co
ence temperatureTcoh5(0.4–0.6)TK , in the gap formation
of Kondo insulators has been realized in the 1D~one-
dimensional! ALM with the quantum Monte Carlo metho
and in the infinite-dimensional ALM within dynamica
mean-field theories.11,26 According to these models, the ga
in the strongly correlated electron band starts to open
Tcoh , in agreement with the present experimental obser
tion in CeRu4Sb12. The ratio of Dcharge/kBTK;1.82 for
CeRu4Sb12, which is in good agreement with that of;1.7
for Ce3Bi4Pt3 ;1.9–2.3 for CeRhSb and;1.7–2.0 for
CeRhAs.27,28This agreement strongly supports the view th
the Kondo energy is an essential physical parameter to
scribe the gap in these compounds. Since the Kondo en
is a priori independent of temperature, it would be in go
agreement with the observed temperature independenc
the gap size from 5 to 100 K in CeRu4Sb12. It is also inter-
esting to note that the measured dynamical response of
Ce3Bi4Pt3 and YbAl3, which exhibit strong temperature de
pendence, has been explained on the basis of the ALM.9,12,13

A further important point is that for CeRu4Sb12 the mag-
nitude of the spin gap (Dspin;30 meV) derived from our
neutron scattering experiments is smaller than that of
charge gap (Dcharge;47 meV) deduced from the optica
study~see Fig. 5!. A similar difference between the spin ga
and the charge gap has been previously observed for
metallic heavy fermion YbAl3 (Dspin530 meV and

FIG. 5. The inelastic magnetic response at 5 K,S(Q,v), super-
imposed on the results for the real part of the optical conductiv
s(v) at 10 K from Ref. 17. The upper and lower arrows show
positions of the spin gap and the charge gap, respectively.
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Dcharge5100 meV),13,29 as well as in Kondo insulator com
pounds such as Ce3Bi4Pt3 (Dspin512 meV and Dcharge
536 meV),12,27 CeNiSn (Dspin5224.5 meV andDcharge
510 meV),30,31 and YbB12 (Dspin514 meV andDcharge
525 meV).32,33 For all these materials, the spin gap
smaller than the charge gap. This then leads to an immed
question: whether the spin gap and the charge gap are d
the same phenomenon and the two gaps open in diffe
electronic states/bands, respectively. Presently, there ex
few theoretical models which predict that the spin gap
smaller than the charge gap.11,34 For example, exact calcula
tions for the ground state of a 1D Kondo-lattice model in
cate a smaller spin gap than the charge gap.34 The difference
between the two gap energies could be understood a
additional energy needed to delocalize the charges and h
Dcharge>Dspin . The results of the periodic Anderson mod
within the dynamical mean-field theory also show a sma
spin gap than the charge gap.11 According to this model, the
difference between the two gap energies can be interprete
terms of an extra energy that the conduction electrons c
tribute to the optical response, which measures a charge
~i.e., a direct gap!.11 In this same model, the localizedf elec-
trons contribute to the inelastic neutron response that m
sures a spin gap~i.e., an indirect gap!.9 The observed ratio of
the change and spin gap isDcharge/Dspin;0.65 for
CeRu4Sb12. According to the theoretical calculations bas
on the 1D ALM and infinite-dimensional ALM, the ratios o
the two gap energies are 0.3–0.4 and 0.7–0
respectively.11,26,28

IV. CONCLUSIONS

In summary, the present work reveals experimental inf
mation about the dynamical magnetic response
CeRu4Sb12. Direct evidence for the existence of a spin g
(Dspin;30 meV) in the strongly hybridized bands near t
Fermi level is provided by our inelastic neutron scatteri
study. The nearlyQ-independent response indicates that
spin gap arises via the single-ion Kondo interaction. On
other hand, the anomalous temperature dependence o
magnetic response below and above the coherence tem
ture ~80 K! suggests that the coherence of the Ce 4f elec-
trons also plays an important role in the gap forming mec
nism. The large difference observed between the charge
(;47 meV) determined from the optical study and the s
gap (;30 meV) determined from this inelastic neutro
study can be understood in terms of theoretical mo
calculations.9,11,26,34
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