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Low-energy electrodynamics of SmB6
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We have performed direct measurements of the low-temperature dynamical conductivity and dielectric
permittivity of single crystalline SmB6 in the spectral range from 0.6 to 4.5 meV, i.e., below the hybridization
gap. The obtained results together with the data of Hall-effect and infrared reflection measurements give
evidence for a 19-meV energy gap in the density of states and an additional narrow donor-type band lying only
3 meV below the bottom of the upper conduction band. It is shown that at temperatures 5 K,T,20 K the
electrodynamic response and the dc conductivity of SmB6 are determined by quasifree carriers thermally
excited in the conduction band. We evaluate the microscopic parameters of these carriers: the spectral weight,
the concentration, the effective mass, the scattering rate, and the mobility. Below 8 K the concentration of
carriers in the conduction band freezes out exponentially and finally the electronic properties of SmB6 are
determined by the localized carriers in the narrow band with the typical signature of hopping conductivity.
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I. INTRODUCTION

Samarium hexaboride is a typical representative of in
mediate valence semiconductors and it may be considere
a prime example of a Kondo insulator.1–3 The magnetic sus
ceptibility reveals the characteristic features of an interme
ate valence compound: a Curie-Weiss-like susceptibility
T.100 K indicative of local-moment behavior and a Pa
spin susceptibility for the lowest temperatures due to a n
magnetic configuration forT→0 K. The cusp in the suscep
tibility close to 80 K can be taken as a rough estimate of
characteristic spin-fluctuation temperatureT* . In Kondo in-
sulators the gap due to the coherent on-site hybridiza
between the narrow 4f states with the band states is expec
to be of the same order of magnitude.

Almost three decades after the pioneering investigati
of Nickersonet al.4 a large number of detailed and compr
hensive studies of SmB6 have been performed; howeve
many fundamental properties of SmB6 such as the electrica
transport mechanism are not fully understood. The dc re
tivity rdc is slightly temperature dependent down to 50
below where it starts to increase exponentially5,6 due to the
opening of a hybridization gap in the density of sta
~DOS!;1 there exists a general agreement that the incre
between 20 K,T,5 K can be described by an exponent
PRB 590163-1829/99/59~3!/1808~7!/$15.00
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increase, rdc(T)}exp(2E/2kBT), with a gap7 E
'5 – 7 meV.8–12 However, there exists significant disagre
ment about the temperature-dependent conductivity belo
K. Hopping transport due to localized charge carriers clos
the Fermi level and/or thermally activated behavior ha
been proposed in addition to a residual conductivity.5,13 The
residual conductivity has been interpreted in terms of
Mott minimum conductivity,10,14 as a Wigner lattice
formation,13 in terms of long-range compositio
fluctuations,14 or attributed to surface states which act as
dirty metal in parallel to the intrinsic bulk sample.12

A lot of activity has been devoted to determining th
value of the low-temperature gap in the DOS spectrum
SmB6. Measurements of resistivity, Hall effect, tunnelin
and point-contact spectroscopy, optical transmission and
flection, electron spin resonance, nuclear magnetic reson
relaxation rate, elastic constant, specific heat, and curr
voltage characteristics lead to values which can roughly
divided into two groups: small~3–5 meV! and large~10–15
meV! gaps~for reviews see Refs. 1 and 15!. Using electron
spin resonance16 some experimental evidence has been p
vided that the gap opens below 100 K. One of the m
straightforward methods to measure a gap in the DOS
provided by the optical spectroscopy. However, in Sm6
such a task is nontrivial since the small energy scale mak
1808 ©1999 The American Physical Society
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PRB 59 1809LOW-ENERGY ELECTRODYNAMICS OF SmB6
difficult to use standard far-infrared technique
Experiments performed on thin (d<100mm) films and
layers lead toE<10 meV,17 E'3 meV,9 E'3.7 meV, or
E'13.7 meV.15,18 From the bulk reflectivity
measurements18–20 E was estimated to lie in the range 5–1
meV. The uncertainty is caused by the difficulty of meas
ing very small transmission or high reflection coefficients
small samples at very low frequencies. In addition, stand
Fourier transform spectrometers measure onlyone param-
eter, transmissivity or reflectivity, and thus have to utilize t
Kramers-Kronig relations to evaluate thetwo optical param-
eters, for instance, the conductivity and dielect
permittivity.19 In the case of SmB6, the low-frequency ex-
trapolation of the infrared~IR! reflectivity spectra19 towards
the dc conductivity, necessary for the Kramers-Kronig ana
sis, leads to numerous mistakes, since the extrapolation
not take into account the low-energy excitations reported
this article.

The aim of the present investigation was to apply a s
millimeter ~submm! quasioptical spectroscopic method f
performing the firstdirect measurements of the spectra
both optical parameters, the real parts of the dynamical c
ductivity s~n! and of the dielectric permittivity«~n!, of
SmB6 single crystal at photon energies 0.6–4.5 meV, bel
the hybridization-gap energy, and to study the electro
properties of SmB6 by analyzing the obtained submm spec
together with the dc conductivity and Hall data measured
the same sample and with the high-frequency infrared sp
tra. Performing transmission experiments allows us to ca
late the conductivity and permittivity directly.

II. EXPERIMENTAL TECHNIQUES

The single crystals of SmB6 were grown by a floating
zone method. The high quality is characterized by a la
ratio r~60 mK!/r~300 K!'43106. The Hall voltage and the
dc resistivity were measured by standard four-probe meth
The measurement of the Hall coefficient was performed
the linear range of the Hall voltage versus magnetic field.
plan to give a full discussion of the field-dependent H
coefficient and low-temperature magnetoresistance up to
T elsewhere.21

For the submm transmissivity measurements a disk of
ameter'6 mm, cut out of the same bulk piece of the Sm6
single crystal on which the dc measurements were p
formed, was polished down to a thicknessd528mm with
planes parallel to better than61 mm. The investigations
were performed on a coherent-source spectrometer usi
Mach-Zehnder arrangement.22 From thetwo experimentally
accessible independent parameters, the transmission c
cient Tr(n) and the phase shiftw~n! of the radiation passed
through the plane-parallel sample, the spectra of dynam
conductivitys~n! and dielectric permittivity«~n! can be cal-
culateddirectly by Fresnel’s equations without utilizing th
Kramers-Kronig relation.23

III. RESULTS AND ANALYSIS

Figure 1 shows the dc conductivitysdc(T) of our sample
in the temperature range 60 mK–300 K plotted in differe
ways in order to stress the various temperature depende
.
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Main features are in accordance with the literature data.
tween 8 and 25 K the conductivity can be described
sdc(T)}exp(Ed /kBT) with Ed'3.5 meV. We found that
sdc(T)}exp(T0 /T1/4) with T0553 K fits our data best in the
range from 4 K to approximately 10 K. ForT'1 K and
lower, sdc(T) becomes basically temperature independen

The original submm spectra of transmissivity and pha
shift ~divided by the frequency in wave numbers! are pre-
sented in Fig. 2. It is seen that the sample becomes m
transparent at lower temperatures and that atT53 K periodic

FIG. 1. Arrhenius plot of the dc conductivity of SmB6. The line
corresponds tosdc}exp@(3.5 meV)/kBT#. The inset in the lower
left corner shows the overall behavior ofsdc(T) in a double loga-
rithmic way. The inset in the upper right corner shows the cond
tivity as a function ofT21/4.

FIG. 2. Submillimeter spectra of the transmission coefficie
and the phase shift of the radiation~divided by n! passed through
the 28-mm-thick SmB6 plane-parallel sample, at selected tempe
tures. Solid lines show the results of the least-squares fit of
submm spectra of conductivity and permittivity using Eq.~1!. The
dashed line corresponds to the result when the oscillator terms«osc

andsosc are not included.
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1810 PRB 59B. GORSHUNOVet al.
maxima are well pronounced in the transmissivity~and
phase! spectra. These maxima are interferometric and app
due to multiple reflection of the radiation on the plan
parallel faces of the sample when its optical thicknessnd
equals a multiple of half the wavelength.23 In our case inter-
ference effects are observed even in a very thin~28 mm!
sample due to its large low-temperature refractive ind
n(T53 K)'24.5. The presence of the interference fring
~maxima! in the transmission spectrum allows us to evalu
both optical parameters of the sample without addition
measuring of the phase, since the height of the transmiss
maxima is determined by the extinction coefficientk and the
period of the oscillations by the refractive coefficientn.23

This is seen in Fig. 3 where the conductivitys~n! and per-
mittivity «~n! are displayed calculated fromTr(n) andw~n!
for each frequency. These values agree well with the res
obtained from the interferometric maxima in the transmiss
ity and presented by open dots in the 3-K spectra. Two ch
acteristic types of behavior can be seen in the spectra of
3. First, there is a Drude-like dispersion ofs~n! and«~n! at
high temperatures (T.13 K) typical for the response of fre
charge carriers:24 the conductivity decreases and the perm

FIG. 3. Spectra of the conductivity and the dielectric permitt
ity of SmB6 at selected temperatures. The solid lines show a fit
Eq. ~1!. The large open dots in the 3-K spectra are evaluated u
the interference maxima in the transmission spectrum. The ins
the upper panel compares these data with the dc conductivity~large
solid dots!. The interpolation~dashed lines! is done by a Drude
term, by a constant value, and bys(n)}n for 13, 8, and 3 K,
respectively. The inset of the lower panel shows the spectra of
bulk reflection coefficient calculated from the measured conduc
ity and permittivity spectra. The solid lines correspond to the c
culations by Eq.~1!.
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tivity increases towards high frequencies. Second, at 3 K the
«~n! spectrum becomes dispersionless as is characteristi
a dielectric material, with a value of the dielectric permitti
ity «(0)'600620 ~refractive coefficient n5«1/2524.5
since k!n!, significantly smaller than«(0)'1500 previ-
ously estimated in Ref. 19. The absorption peak at abou
cm21 in the 3-K conductivity spectrum of Fig. 3 is also see
with the correspondent step in«~n!. The bulk reflectivity
spectracalculatedon the basis of our data~inset in the lower
panel of Fig. 3! show a well pronounced plasma edge at 18
which flattens out at 3 K.

Figure 4 presents the frequency-dependent conducti
and permittivity of SmB6 in a broad range. The infrared con
ductivity was obtained by the Kramers-Kronig analysis
the reflectivity spectrum measured for the sample from
same batch.18,21At lower temperatures we used the reflecti

y
g
in

e
-
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FIG. 4. Frequency-dependent conductivity~upper panel! and di-
electric permittivity ~lower panel! of SmB6 at different tempera-
tures. The small dots correspond to the submm data; the arrow
the dc conductivity. The solid lines shown are obtained by
Kramers-Kronig analysis of the reflectivity spectra~data from Ref.
18 corrected to the submm reflectivity!. The long-dashed line inter
polating the 3-K data sets is a guide the eye. The error bars give
upper and lower boundary of the IR conductivity obtained by
Kramers-Kronig analysis of the 3-K reflectivity spectrum assum
a 0.5% uncertainty. The dashed lines are the results calculate
Eq. ~1!. The 300-K conductivity spectrum is taken from Ref. 1
The shaded area corresponds to the energy gap value
62) meV. The inset in the upper frame gives a simplified view
the band scheme of SmB6.
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PRB 59 1811LOW-ENERGY ELECTRODYNAMICS OF SmB6
ity calculated from our submm measurements ofs and« to
correct the far-infrared reflectivity. We found that forn
,200 cm21 the low-temperature IR reflectivity of SmB6 is
mainly determined by the large permittivity and is on
slightly dependent on the conductivity. This leads to a la
uncertainty in the conductivity values as obtained by
Kramers-Kronig analysis. The error bars in Fig. 4 show
uncertainty of the 3-K conductivity at around 100 cm21

which leads to only a60.5% deviation in the reflectivity
The dashed line between the two data sets is a guide to
eye.

Already at this point we would like to draw attention
the inset of the upper frame of Fig. 3. The conductivity in t
submm range decreases by only one order of magnitud
cooling from 13 to 3 K. In the same temperature range,sdc
drops by more than four orders of magnitude. Close to 8
the low-frequency behavior changes from free-carrier
localized-carrier transport. Thus below 8 K the difference
between the submm and the dc conductivity~indicated by the
dashed line at 3 K! is of about two orders of magnitude an
is, most probably, due to hopping processes at low frequ
cies.

We fitted the conductivity and permittivity spectra usin
the following expressions:

s5sDrude1sosc1sIRosc1smin ,
~1!

«5«Drude1«osc1«IRosc1«inf,

where sDrude and «Drude describe the free-carrier respons
sosc and «osc the 24-cm21 peak, s IRosc and « IRosc the IR
conductivity and permittivity, and« inf is the high-frequency
contribution to the dielectric permittivity. For a complete d
scription of the conductivity spectra an additional parame
smin had to be introduced in the form of a frequenc
independent ~throughout the submm range! component
which we call the minimum-conductivity term.

The free-carrier response is governed by the express
coming from the Drude conductivity model:24

sDrude~n!5s0g2~g21n2!21,
~2!

«Drude~n!522s0g~g21n2!21,

where g51/2pt is the damping rate ands05npl
2 /2g

5Nem is the conductivity forn50. Herenpl is the plasma
frequency andm5et/m* is the mobility. The square of the
plasma frequency~called the spectral weight! is related to the
ratio of densityN and effective massm* of the charge car-
rier, npl

2 5Ne2/pm* . The oscillator terms in Eq.~1! are com-
monly given by

sosc~n!50.5f n2gosc@~n0
22n!21gosc

2 n2#21,
~3!

«osc~n!5 f ~n0
22n2!@~n0

22n!21gosc
2 n2#21,

wheren0 is the eigenfrequency,gosc indicates the oscillator
damping,f 5D«n0

2 is the oscillator strength~corresponding
to the spectral weight!, andD« is the dielectric contribution
of this term. The fits are shown by solid lines in Figs. 2–
the temperature variation of the parameters is given in F
5 and 6. The IR oscillator~n052000 cm21, D«5370, g
e
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57100 cm21! is determined by fitting the 3-K data, where n
Drude free-carrier contribution is present; its parameters
kept unchanged at higher temperatures.

The upper panel of Fig. 5 shows the temperature dep
dence of the Drude parameters which describe the free
riers above approximately 8 K, namely, the plasma f
quency and the relaxation rate, together, and the minim

FIG. 5. The upper panel shows the temperature dependenc
the plasma frequencynpl of free charge carriers of SmB6, of the
scattering rateg, and of the basement conductivitysb as obtained
by a fit using the model of Eq.~1!. The solid line~1! corresponds to
the activated behaviornpl}exp(2Eg/4kBT) with Eg519 meV; the
line ~2! indicates npl}exp(2Ed/2kBT) with Ed53 meV. The
dashed lines are guides to the eye. The parameters of the osci
found in the submm range have a temperature dependence a
played in the lower panel:n0 is the eigenfrequency,D« is the di-
electric contribution, andg is the damping constant. The dashe
lines guide the eye.

FIG. 6. Temperature dependence of the squared plasma
quencynpl

2 ~solid dots! and of the Drude conductivitys0 ~open
dots! of SmB6. The straight line ~1! corresponds tonpl

2 }
exp(2Eg/2kBT) with Eg519 meV; the second line~2! is given by
npl

2 }exp@(3 meV)/kBT#. The small solid dots in the lower part cor
respond to the dc conductivity. The open squares indicate
minimum-conductivity term. The dashed lines are guides to the e
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1812 PRB 59B. GORSHUNOVet al.
conductivity. The lower panel gives the parameters de
mined from the fit to the oscillator close to 24 cm21 which
significantly contributes to the conductivity in this frequen
range at low temperatures.

IV. DISCUSSION

From Figs. 3 and 4 it is seen that forT.8 K the submm
electrodynamic response of SmB6 resembles a free-carrie
behavior. The measured dc conductivity agrees withs0 ob-
tained by fitting the submm spectra of«~n! and s~n! using
the Drude expressions~Figs. 4 and 6!, implying that the low-
energy transport is fully determined by free carriers in
conduction band. Using Eq.~1! allows us to determineg(T)
andnpl(T) of the correspondent free charge carriers, as p
ted in Figs. 5 and 6. The temperature dependence of
scattering rateg of these carriers~Fig. 5! shows decreasing
below 20 K indicating phonon-assisted scattering; below
K defect scattering becomes dominant withg5const. The
spectral weightnpl

2 (T) directly corresponds to the number
free carriers in the conduction band:N5npl

2 m* p/e2. Here
we assume thatm* is temperature independent, an assum
tion that should be valid forT!T* . Figure 6 showsnpl

2 (T)
versus 1/T. In terms of a semiconductor phenomenology
can analyze the carrier density between approximately
and 8 K assuming two regimes governed by different acti
tion energies. Usingnpl

2 }exp(2Eg/2kBT) for 10 K,T
,15 K, we find an activation energy ofEg519 meV ~solid
line 1! which corresponds to the hybridization gap as o
served in the optical spectroscopy~see dashed area in th
upper panel of Fig. 4!. We do not want to speculate wheth
the gap develops in a mean-field behavior, or whether i
temperature independent and just fills in as the tempera
rises; but there are indications that the latter scenario ta
place. For lower temperatures we find a much smaller a
vation energy~solid line 2! which most likely indicates a
narrow donor-type band5,9,10 inside the gap. Assuming th
Fermi energy lying within this band and thusnpl

2

}exp(2Ed /kBT), we obtain the narrow band locatedEd
53 meV below the bottom of the conduction band. At e
actly the frequency corresponding toEd we observe a peak
in the sub-mm spectrum which therefore can be associ
with direct excitations of charge carriers from the narro
band to the conduction band. We then can use the oscill
fit with the parameters shown in Fig. 5 and estimate
plasma frequency and scattering rate of the carriers in
bandnpl5D«1/2n0'90 cm21 andg5npl

2 /2s0'70 cm21. We
cannot really decide whether the in-gap narrow band is c
nected with imperfections or has intrinsic origin; howev
we have observed the 24-cm21 structure in another SmB6
sample with much higher impurity concentration of 1015 to
1016 cm23.21 Ohtaet al.15 also report indications of two ga
values and suggest impurities or defects as the origin of
sublevels.

In the limited range 8 K,T,15 K, the temperature de
pendence of the carrier density as determined from
plasma frequency corresponds well tosdc(T), which is also
included in Fig. 6~open circles!. Above 15 K the tempera
ture dependence of the scattering rate cannot be neglect
the description ofsdc(T) as seen by the deviation o
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npl
2 (T)}N(T) from sdc(T). Significant deviations also ap

pear below 8 K, characterizing the transition from a fre
carrier behavior to localization of carriers~inset of Fig. 3!.
As pointed out earlier, at 8 K the optical conductivity is
frequency independent up to 30 cm21 ~without considering
the 24-cm21 peak! and at lower temperatures the low
frequency response must be dominated by hopping con
tion which is characterized by a temperature dependenc
sdc(T)}exp(T0 /T1/4) and a frequency dependences(n)}ns

with s'0.8.25 Preliminary experiments in the MHz and GH
range support these predictions.21 However, the frequency
exponents itself is frequency dependent, reaching low valu
at high frequencies and yielding a saturation of the cond
tivity close to far-infrared~FIR! frequencies26 as indeed is
observed here. The fit of the temperature dependence by
model of variable-range hopping26 yields a reasonable valu
of T0554 K. At low temperatures, this high-frequency sat
ration obviously corresponds to the valuesmin which has
been determined in our fits of the submm data. We m
speculate that this value ofsmin gives the value of the mini-
mum metallic conductivity which has been introduced
Mott14 many years ago. Concerning the temperature dep
dence, it separates metallic and hopping transport; in te
of frequency it is constant just at this transition temperat
of 8 K, indicating that the last free carriers become localiz
below this temperature. The value of the minimum cond
tivity in SmB6 has been calculated10 as 5.7~V cm!21, a value
remarkably close to the value we found~Fig. 6!.

In Fig. 4 the features of a narrow-gap semiconductor
havior of SmB6 are demonstrated by the spectra of«~n! and
s~n! over a wide frequency range, nicely showing the fund
mental absorption edge at 10–20 meV which leads to
large low-temperature permittivity«(0)5600. The shaded
area marks the value of the energy gap estimated from
data on the temperature dependence of the squared pl
frequency asEg51962 meV under the assumption that th
Fermi energy is in the middle of the gap. A comparison w
the reflectivity measurements of Travaglini and Wachte19

shows some quantitative differences, although the main
tures of the conductivity spectrum and the important conc
sions remain valid. The IR maximum is reported at 10
cm21, and the optical gap at 30 cm21; the latter value is
influenced by the extrapolation to the dc conductivity.1 We
find that for temperaturesT,5 K the Drude-like dispersion
of «~n! ands~n! has disappeared~according to an exponen
tial decrease of the carrier concentrationN}npl

2 in the con-
duction band! and the submm response is dominated by
nearly temperature-independent conductivity termsmin
5const which indicates carriers moving in the narrow ba

TABLE I. Parameters of the charge carriers in SmB6 calculated
on the basis of the measured Hall constantRH and on the relaxation
frequencyg and plasma frequencynpl obtained from the submilli-
meter conductivity and permittivity spectra.

T ~K!
RH

(cm3/C)
g

~cm21!
mH

(cm2 V21 s21)
N

(1019 cm23) m* /m0

14 20.35 3 80 1.8 110
16 20.19 4.3 66 3.2 94
18 20.117 5.5 52 5.7 94
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PRB 59 1813LOW-ENERGY ELECTRODYNAMICS OF SmB6
as quasifree particles withg@n'15 cm21 ~Hagen-Rubens
limit of the free-carrier response!. At approximately 8 K we
observe a temperature-independent conductivity from dc
to 35 cm21.

Assuming only electrons participating in the transport, o
Hall data together withg and npl allow us to evaluate the
mobility and the effective mass of the carriers~Table I!. The
values of the Hall mobilitymH agree with Refs. 7 and 10
however,m* '100m0 is considerably smaller than the es
matem* /m05500– 1500 made in Ref. 19. Nevertheless
find a narrow peak in the density of states at the bottom
the conduction band and correlation effects are importan

The large discrepancy in the gap valuesE reported in the
literature ranging from 2 to 16 meV can now be explain
consistently. The gap values of only a few meV detected
various experiments9,15,17,27–29correspond to the energy dif
ference between the bottom of the conduction band and
peak in the DOS~narrow band! insidethe hybridization gap.
The latter one has a considerably larger width of 19 meV
corresponds to features reported in the range 14
meV.15,30The two activation mechanisms agree well with t
temperature dependence of the Hall constantRH ;9,10 in the
temperature range 50 K,T,15 K an exponential behavio
with an energyEg/2 was found which decreases to 3 me
for 15 K,T,6 K. Below 6 K considerable deviations from
the activationlike behavior ofRH are observed in Refs. 9 an
10 which may be due to localization effects, as discus
above. It is important to note that the hybridization gap c
responds to theEg519-meV gap. Grewe and Steglich31 and
Jarrell32 have calculated the hybridization gap and found t
Eg'2T* . In the case of SmB6 this would yield a gap value
of 160 K'14 meV which is close to the experimentally o
served gap energies. The observed effective massm*
'100m0 also agrees well with this picture. Concomitantly
spin gap of the same size is expected32 and indeed in neutron
scattering results a spin gap of 14 meV has been detec33
re
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and has the correct order of magnitude for a system wit
characteristic temperature 2T* '100 K.

V. CONCLUSIONS

We have performed direct measurements of the dyna
cal conductivity and dielectric permittivity of single crysta
line samarium hexaboride in the frequency range from 5
36 cm21 at low temperatures. Above 5 K the electrodynami-
cal properties and the dc conductivity of SmB6 are deter-
mined by quasifree electrons; their concentration changes
ponentially with an activation energyEg/2 above 15 K and
Ed53 meV below 15 K. This implies a gap ofEg
519 meV in the SmB6 density of states and an addition
narrow donor-type band lying 3 meV in the gap. The abso
tion peak discovered at 24 cm21 is connected to the direc
photoexcitation of electrons from the narrow band to t
upper conduction band. The large value of effective m
m* '100m0 indicates the importance of correlation effec
in the enhanced density of states at the bottom of the c
duction band. At very low temperatures (T,5 K) the contri-
bution of free electrons in the conduction band decreases
the submm conductivity of SmB6 is nearly frequency inde-
pendent; we attribute this to the charge carriers within
narrow band. Hopping between localized states governs
electrodynamic properties in the low-frequency regime do
to dc.

ACKNOWLEDGMENTS

We acknowledge support by the Russian Foundation
Basic Research Grants No. 97-02-17645 and 96-02-17
The work at Augsburg was supported by the BMBF und
Contract No. EKM 13N6917. The German-Russian collab
ration was supported by the Deutsche Forschungsgem
schaft and the Russian Foundation for Basic Research.
crystal growth was supported by the Ministry of Educatio
Science and Culture of Japan.
J.

sk,

in
J.
i-

i, J.

.

J.
1P. Wachter, inHandbook on the Physics and Chemistry of Ra
Earths, edited by K. A. Gschneider, Jr. and L. Eyring~North-
Holland, Amsterdam, 1994!, Vol. 19, p. 177, and reference
therein.

2G. Aeppli and Z. Fisk, Comments Condens. Matter Phys.16, 155
~1992!.

3T. Kasuya, Europhys. Lett.26, 277 ~1994!; 26, 283 ~1994!.
4J. C. Nickerson, R. B. White, K. N. Lee, R. Bachmann, T.

Geballe, and G. W. Hull, Jr., Phys. Rev. B3, 2030~1971!.
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