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N. R. Dilley, E. D. Bauer, and M. B. Maple
Department of Physics and Institute for Pure and Applied Physical Sciences, University of California, San Diego,
La Jolla, California 92093

S. Dordevic and D. N. Basov
Department of Physics, University of California, San Diego, La Jolla, California 92093

F. Freibert, T. W. Darling, and A. Migliori
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

B. C. Chakoumakos and B. C. Sales
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennesse 37831
(Received 18 June 1999; revised manuscript received 28 Septembegr 1999

Transport measurements, including magnetoresistivity, Hall resistivity, thermal conductivity, and ther-
mopower, and an assessment of the dimensionless thermoelectric figure aZ nbgtow room temperature
are reported on a polycrystalline sample of the strongly correlated electron material StihFeNeutron
diffraction measurements are presented, which reveal large amplitude thermal vibrations of the Yb ion, con-
sistent with speculations that the ion is weakly bound in an oversized atomic “cage” formed in the skutterudite
crystal structure. Infrared spectroscopy measurements reveal a resonance in the dissipative part of the optical
conductivity o1 (w), which develops below* ~70 K, the characteristic temperature for the Yb ion valence
fluctuations. The frequency dependence of the optical constants is suggestive of a hybridization band gap in the
quasiparticle density of states at low temperatures.

I. INTRODUCTION erties are achieved in doped semiconductors when enough
charge carriers keep the resistivity at a moderate level, but
Since they were first synthesized in the 19%@ise filled  not too many as to lower the Seebeck coefficient to the val-
skutterudite compound®T,X,, (WwhereR=Ca, Sr, Ba, La- ues typically found in metals. The ability to chemically dope
Eu, Yb, Th, U; T=Fe, Ru, Os;X=pnictogen: P, As, Sb the filled skutterudites, which are generally metallic or semi-
have been of interest to experimentalists and theorists alikenetallic, into this semiconducting regime is essential to their
These compounds derive many of their remarkable propethermoelectric applicability, and this has been demonstrated
ties from the heavyR ion that occupies an atomic “cage” in by several recent studiés.*® Suppressing the lattice contri-
the traditional (“unfilled” ) CoAs;-type skutterudite struc- bution to the thermal conductivity while maintaining good
ture: magnetism, superconductivity, narrow hybridization  electrical conduction, i.e., strongly scattering phonons but
bandgap semiconductivifyheavy-fermion behavict®and a  not charge carriers, is another challenge, and the filled skut-
metal-insulator transitidhare some of the phenomena that terudites appear to derive their favorable qualities due to the
can arise. The latter three examples of strongly correlategresence of the filling atomsRj, which “rattle” with large
electronic effects occur in compounds containlRgatoms — amplitudes in their atomic cagé$!® It has been
such as Ce, Yb, and U which have unstalbidectron shells. suggestetf'’® that localized, incoherent vibrations of the
Skutterudites have also been identified recently as promoosely bound filler atoms scatter phonons effectively, but
ising candidates for thermoelectric applicatiérise., solid-  remain spatially separated from the electronic transport that
state refrigeration by passing an electrical curré®ltier s thought to occur within the metal-pnictogen sublattice.
effect or power generation by using waste hé&eebeck To highlight yet another attribute of these materials that is
effecy. The “figure of merit” of a thermoelectric material is appealing for thermoelectric devices, we return to the obser-
expressed a&= S?/(p«), whereSis the Seebeck coefficient, vation of strong electronic correlations and, specifically, of
p is the electrical resistivity, and is the thermal conductiv- heavy fermion(HF) and hybridization gap phenomena in
ity, and viability is achieved roughly when the so-called “di- certain filled skutterudites. A salient feature of many HF
mensionless figure of meritZT=1 whereT is the operating metals is the existence of an anomalously large Seebeck co-
temperature. The observation of high-carrier mobilitigs efficient that peaks in the vicinity of the coherence tempera-
and thermoelectric “power factors”$/p) in unfilled skut-  ture T* of the compound, i.e., the temperature below which
terudites such as hole-dopepi-type) CoSh,° along with the  charge carrier scattering is suppressed due to coherence in
subsequent demonstration of extremely low-thermal conduahe “Kondo lattice” of f-electron ions that carry magnetic
tivities in filled skutterudites, led Sales and coworkBte an  moments. In hybridization gap materials, also termed Kondo
encouragingZT~1 near T=800 K in chemically doped insulators, the hybridization of a narrdwevel with a broad
filled skutterudites. In general, optimal thermoelectric prop-s—p metallic band can produce a narrow gap in the elec-
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tronic density of states at the Fermi level. According to the-constantan thermocouples attached to the sample using Du-
oretical calculationd! this situation of a large density of pont 4929N silver paste. For Seebeck measurements, two
states close to the gap can set the stage for optimal therm8-075-mm copper wires were attached to the sample with
electric properties. silver paste. The sample and wires were enclosed in a copper
Reported in this paper are the transport, structural, andan that was thermally attached to the cold finger. The cop-
optical properties of the recently discovered filled skutteruper can was at approximately the same temperature as the
dite compound YbFgShy,.*® Our initial reportd®® indi-  cold end of the sample. Using this arrangement, radiation
cated that this compound shared many properties with thivsses were kept to a minimum. Typically, a constant current
heavy fermion CeFgSb;,, exhibiting a crossover tempera- of 10 mA was passed through the heater, and, at each tem-
tureT*~70 K, interpreted in terms of intermediate valence perature, the thermal gradient was allowed to stabilize for 30
behavior of the Yb ion with a nonmagnetic ground state. Amin. The thermal conductivity and Seebeck coefficient was
similar energy scale was found in CgB#,, and was de- then measured. For samples with values for thermal conduc-
scribed in terms of Kondo coherence on the Ce sublattiée, tivity of 100 mW/cm-K and above, the radiation and conduc-
which is a way of expressing nearly identical results but istion losses were small enough to be neglected regardless of
appropriate to the case where the magnetic moment()Ce the geometry of the sample. However, many of the filled
is stable. The present work investigates the optical signaturekutterudites have thermal conductivitigg room tempera-
of this many-body interaction &t*, and also reports on the ture) in the 15—-30 mW/cm-K range. To obtain reliable ther-
thermoelectric properties of YbE8b,, and their correlation mal conductivity values for these materials, all of the copper
to the “rattling” of the Yb ion as measured by neutron dif- leads were removed from the sample and the samples were
fraction. cut into a specific shape 66X 12 mnt), which had a rela-
tively large ratio of the cross-sectional area to length. It was
found that this procedure yielded the correct thermal conduc-
Il. EXPERIMENTAL DETAILS tivity values for a vitreous Si© standard over the entire
Polycrystalline specimens of Ybf®b;, were synthesized 10-300 K temperature interval. _
by induction melting stoichiometric amounts of elemental Neutron scattering measurements were carried out at the
constituents in a graphite crucible in a UHP Ar atmosphereQRNL High Flux Isotope Reactor in a neutron diffracto-
and annealing for about 35 hours at 600f@ more details, Meter equipped with a closed-cycle liquid helium refrigera-
see Ref. 18 Investigation of several samples by a scanning®f- Powder diffractograms using a wavelength of 1.500 A
electron microscope revealed significant porogisgmples ~ Were collected aff =10, 40, 60, 80, 140, 200, and 300 K,
were found to be approximately 80% of theoretical depsity 1d refined using the Rietveld method and the program
and typical grain sizes of 1um. Energy dispersive x-ray GSAS (General Structure Analysis Syst}.frdeveloped by
(EDX) analysis indicated that the composition within the L@rson and von Dreele at Los Alamos National Laborafory.
grains was correct to within the error of the technique, and 1€ _electrodynamic response of polished samples of
EDX was also used to identify a trac¢ess than 5 vol.9  YPF&Shi, was studied at UCSD using infrared and optical

secondary phase as YbShvhich was reported earliérin ~ reflectance spectroscopy. Near normal incidence reflectance
powder x-ray diffraction data. R(w) of polycrystalline samples was measured in the fre-

For electrical transport measurements made at Los Algduéncy range 50-30000 crh (approximately 5 meV-3
mos National Laboratory, the samples were cut in a rectar€V) from T=10 K to room temperature. Samples were
gular parallelepiped shape having widW), height(H), and coatedin situ in the optical cryostat with gold or aluminum
length (L) dimensions of 2.82.0x8.0 mn?, respectively. and the spectrum of a metal-coated sample was used as a
This specimen geometry minimizes electrical shorting of thd€ference.  The — complex conductivityo(w) = ()

Hall effect?® Longitudinal and Hall resistivity was measured +'Uz(l_v) was obtained fr_OHR_(w) using Kramers-Kronig
with 40 gauge Cu wire leads, which were attached using?!"aWS'S' and the uncertainty in(w) due to both low- and
EPO-TEK H20E silver epoxy, and the sample was held behigh-frequency extrapolations required for Kramers-Kronig
tween two copper plates with the addition of silver paint foranalysis was negligible in the frequency range of the data.
improved electrical contact. Using a swept source technique,

the longitudinal an_d transverse voltages were plo_tted as func- IIl. RESULTS AND DISCUSSION

tions of the electrical current and the slope of linear fits to

these data provided the longitudinal and transverse resistivi- The transport properties of Ybf®b, were measured
ties. This procedure was carried out at b@&k0 andB from room temperature down =10 K and are shown in
=3 tesla. Fig. 1. The longitudinal electrical resistivity is shown as

Thermal transport data from 10-300 K were obtained afilled symbols in Fig. {c) and agrees qualitatively with our
the Oak Ridge National LaboratoRNL) using a closed previous data, although this sample shows a smaller residual
cycle helium refrigerator. The sample was suspended from eesistivity ratioRRR=p(300 K)/p(0 K)~7 compared with
copper cold finger using EPO-TEK H20E silver epoxy. ARRR=12 in the previous sample.
small RuQ chip resistor (51)) was attached to the other ~ Note that no corrections for sample porosity were made
end of the sample using a thermally conducting but electrifor in these measurements, which leads to an overestimation
cally insulating epoxy from EPO-TEK930-4. Electrical of the resistivity. Transverse magnetoresistance, defined as
connections were soldered to the hed@075 mm chromel Ap/pg=[p(B)—p(0)]/p(0) whereB=3 tesla is the applied
wires). Small temperature differencgd—3 K) across the magnetic field, is shown by the filled symbols in Figa)l A
sample were measured using two 0.125 mm chromellarge positive magnetoresistance develops belews0 K,
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0.06 g— T T T T 5 Kondo lattice materials. The inset of Fig(al shows the
0.05 2 0.30 . magnetic field dependenciesdp/p in the single-ion50 K)
ooal’ o 0.20f 1.(.’,’5-" 4 and coheren{10 K) regimes which were monotonic and
N F 010 et 3 © roughly linear in high fieldsB>4 tesla.
£ 0031 oo 0.00}0232500, 50K = Shown by the open symbols in Fig(al is the Hall resis-
< 002k e 0@ o 5 4 6 8 5 & tivity py measured aB=3 tesla, which is positive and in-
0011 o © B(T) 32 creases monotonically with decreasing tempera}ture. The
. %00 o A1 qualitative features of the data seem to be at variance with
0.00 - ‘o ptef 0¥ S 808 ° "0 many heavy-fermion systems such as Ce@nd UP% in
I L I I 0 which the Hall resistivity decreases strongly in the coherent
' ' ' ' ' regime, although an abrupt downturn might occur belbw
ool <— 60 =25 K and warrants further study. The data are similar to
R % . those obtained for Cef8b;, (see Ref. 1 which has also
< [ 00000, 4,000 . .
& 140 @ been interpreted as a moderately heavy-fermion
§ E material®®1° The observation of a positive Hall coefficient,
€ 101 2 i.e., electrical conduction by holes, in both of these com-
o —4 20 pounds is consistent with a simple electron-counting scheme
based on the parent compound Ce®king a semiconduc-
o tor. As iron possesses one fewer electron than cobalt, the
0 1 1 1 1 1 0 . 4+ - ..
polyanion[ FeSR]*" is formed, thus requiring a tetravalent
3 filling ion R to produce a compensated semiconducting ma-
0.015 terial RFe,Shy,. However, measurements of both the cubic
_ lattice parameter and bulk magnetization indicate that Ce is
§ 2 nearly trivalent, and Yb has an intermediate valence signifi-
C‘é 0.010 cantly less than trivalent in these compounds, implying hole
Y conduction. An estimate of the effective hole concentration
1 0.005 Perr Can be obtained by assuming single-band conduction:
Pesr=B/pye=3x10?* cm 2 at T=100 K, which corre-
0 - . . . . 0.000 sponds to apout 1.2.holes per _formula unit. This vglue is
0 50 100 150 200 250 300 roughly consistent with the carrier concentration estimated

from optical data. The Hall mobility estimated at room tem-
perature isu=py /Bpy,~0.7 cnt/(V-s).

Although the electron-counting scheme seems to correctly
predict the sign of charge carriers, it fails to explain the
metallic behavior of ThFgP,, in which thorium is known to
be tetravalent. In addition, lattice parameter measurements
provide evidence for cerium ion intermediate valence in the
compounds CE4P;, (T=Fe and Rl which are the only
semiconducting members of the lanthanide filled skutteru-
dites. For these reasons, it was previously proposed that the
semiconductivity in filled skutteruditeRFe,P;, (R=Ce and
U) arises fronf-electron hybridization effects and not simple
but is preceded by a slight negative excursion in the vicinityionic bonding arguments?? The thermal conductivity of
of T*~70 K, which is the characteristic temperature of the YbFe,Shy,, shown by the solid symbols in Fig(d), is com-

Yb ion valence fluctuations as inferred from previous meafarable to other filled skutteruditg®r CeFgSh, at 300 K,
surements of magnetization and electrical resistivity. Thex~30 mW/(cm-K)].? Correcting for sample porosity
small negative feature seen inp/p, was clearly corrobo- would increase the estimate efby 15—-20 %. Expressing
rated by other magnetoresistance measurements on thas the sum of lattice and electronic thermal conductivities,
sample using a different experimental setup. The general ape=« + k., and estimatingx, with the help of the
pearance of the magnetoresistance is reminiscent of th&/iedemann-Franz law, we find tha{ dominates thermal
heavy fermion compound Cegalthough the characteristic conduction due to the high value of the measured electrical
temperature here is higher. The negative feature seen newsistivity, with «,(300 K)=2.3 mW/(cm-K). The sharp
T* is consistent with single-ion Kondo scattering in that thedownturn in bothx andSat the lowest temperature is due to
applied magnetic field acts to suppress the spin-flip scattethe depopulation of phonon modes and is expected since
ing of conduction electrons by the magnetic ion. On the othek(T=0)=S(T=0)=0.

hand, the formation of a coherent ground state in the Kondo The Seebeck coefficier is plotted as open symbols in
lattice removes the Kondo scattering and leads to a positivEig. 1(b) and shows linear behavior at high temperature typi-
magnetoresistance which is typical of metals. Note that theal of a low-carrier density metal, behavior that is seen in
value of Ap/py>0.05 in this region is much larger than in other filled skutterudite compounds. The slope of the linear,
simple metals where\p/po~10~8, but is similar to other high-temperature thermopowsy, which is characteristic of

TK

FIG. 1. Transport properties of Ybf®b;, as a function of tem-
peraturel. Upper panel: transverse magnetoresistitip/ p, (filled
symbols, left-hand axjsand Hall resistivity p,; (open symbols,
right-hand axig both measured in an applied magnetic fieldBof
=3 tesla. Inset shows field sweeps of the magnetoresisthyity,,
at T=10 and 50 K. Middle panel: thermal conductivity (filled
symbols, left-hand axjsand Seebeck coefficiel® (open symbols,
right-hand axig Lower panel: electrical resistivitffilled symbols,
left-hand axi$ and dimensionless thermoelectric figure of merit
ZT=S?T/(pk) (open symbols, right-hand ais
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electron thermal diffusion, can be used to find the Fermi 0.025 T T T T T
energyEg . .
Yb |
0.020 3
s w2k3T L 1

< 0.015

where we have used the expression appropriate to the regime °5:;
where the resistivity is dominated by phonon scattering. This = 010
yields a value oEr=0.42 eV, which is lower than in wide-
band metals and more typical of semimetals. Extrapolating
this fit to zero temperature, one finds a positiventercept,
which indicates that the high temperature slope&gfs un-

100

200

0.005

derestimated here, i.eEr is overestimated. Viewed along 0.000 ! ' ! . !
with the observations of intermediate valence and hole con- 0 50 100 150 200 250 300
duction in this compound, one is led to a model of a nearly T(K)

full band with f-electron character. The hump 8{T) seen
around 50 K could be a so-called “phonon drag” peak re-
sulting from the interaction of carriers with thermally diffus-

ing phonons. Such a peak $(T) is expected to occur near straight lines are least squares fits of the data for each site. The inset

H =~ 23 =~ . .
0p/5~55 K, _Where the Debye temperatuf, 280_ _K shows the temperature dependence of the cubic lattice parameter
has been estimated from high temperature specific heal,q the curve is a guide to the eye.

measurementd. However, the fact that such a low-

temperature feature has only been observed in Ce- and Yb- - . .

filled skutterudites, which exhibit strongly correlated elec-€-9- incomplete filling, will also resultin a largé, but one

tron phenomena suggests, that it is of the same origin as t{8at will remain large even &8—0, and the fact thaljs,

Kondo coherence peaks if(T) seen in other HF com- Ilnearly approac_hes zero at low temperatures is evidence

pounds. against such disorder. The Yb filling fraction was also
The dimensionless thermoelectric figure of meZif chgcked in a separate anal_ysis by a}llowing the Yb site occu-

=S?T/px is small in this compoungiopen symbols in Fig. pation parameter to vary in the Rietveld analysis of each

1(c)] when compared to other undoped filled skutteruditeiffractogram, yielding 95% filling. We note that a recent
such as CeR@by, (ZT~0.13 atT=300 K according to report on x-ray structural analysis of .smgle-crystalllne
Ref. 5, and this can be attributed to the relatively high value Y °F&Sbi cites a large ADP at the Yb site in agreement
of the resistivity. Measurements of the infrared reflectivity With our findings?> Neutron diffraction also found no evi-
reported here, however, extrapolate to a value of the intrinsid€Nce Of structural or magnetic transitions between room
dc electrical resistivity af =300 K which is an order of temperature and 10 K, and the inset of Fig. 2 shows the cubic

magnitude lowelsee Fig. 4 than the bulk transport data of lattice p.aram.r-%tea. as a function of tgmperature. Impurity
Fig. 1(c), indicating that higher values @T may be attain- phases identified in the neutron data include Heg8hwt. %)

able in clean samples. The electronic coherence effects se8Rd YbSh ,(0'5_ WL 0/_@'
in S(T) nearT* do little to enhanceZT, giving rise to a Plotted in Fig. 3 is the raw reflectance d&éw) at two
broad shoulder neaF=50 K. temperatures, both above and beld®~70 K. As can be

Neutron diffraction measurements show evidence of€e" from the graph, there is no temperature dependence in
large-amplitude thermal ‘“rattling” of the Yb ion in the reflectance above 1000 Th The low-frequency ex-

YbFe,Shy,, a mechanism thought to be responsible for thetrapolation was performed using the Hagen-Rubens equation
generally low-thermal conductivities found among filled

skutterudites. Detailed crystallographic analysis of x-ray or lzwpdc
R(w)=1— .

FIG. 2. Isotropic atomic displacement parametd(g, obtained
from Rietveld refinement of neutron diffraction data, plotted as a
function of temperature for each element in YphEb,. The

neutron diffraction data can provide information about local (2
dynamics such as the atomic displacement parameters

(ADP’s), which quantify the vibrational mean squared dis-

placement of each atom in the structure from its equilibrium  The inset shows room temperature data down to 40 ‘cm
position and are expressed in units of.AShown in Fig. 2 and a fitted Hagen-Rubens extrapolation by the solid line.
are the results of a Rietveld analysis of neutron powder difWe point out that the only fitting parametepq.
fractograms, which tracked;s,, the isotropic ADP averaged =400 w{-cm could be determined within an error of less
over all spatial directions, for each element in the material ashan 10% as shown by the dashed lines on either side of the
a function of temperature. Within this analysis, the atomicextrapolation that was used.

vibrations of Yb appear to be much larger than those of both Since the absolute values of the dc electrical resistivity
Fe and Sb, and in fact tHé;;, for Yb at room temperature is py for this samplgnot shown were not known from trans-
the highest for any of the skutterudit&-e,Sh;, (R=Yb, port measurements, we used the absolute value obtained
Ce, Lg measured by this technique. It is of interest to com-from Hagen-Rubens extrapolation at room temperature to
pare the dynamics of Yb to the significantly lighter lan- normalize the transport data. We then used the normalized
thanides La and Ce in finding an optimal filling atom with values of py.(T) to perform the Hagen-Rubens extrapola-
respect to the “rattling” effect. Static disorder at the Yb site, tions for the other temperatures.
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el ol o FIG. 4. Dissipative part of the optical conductivity,(w) at
10 10 » 10 several temperatures. The vertical grey bar divides the data on the
wave number (cm”) right side from the extrapolation of the data to low frequencies on

the left. The downward-pointing arrows indicate the two strongest

H 1
=10 K. The data at frequencies above 2500 ¢éndid not show phonon peaks, which were ob_served at 114 _and 267 "ciNote
the development of a gap-like feature with an onset Aat

any temperature depender_lce. The |ns¢tlllustrates the low frequen(;&)jllo0 cnt! (upward-pointing arrol at temperaturesT<T*
Hagen-Rubens extrapolation as applied to the room temperaturgm K
data, where the solid line is the best fit for which the only fitting )
parameter wapy.=400 wnQ-cm. The dashed lines are the extrapo-
lations usingpy.=440 and 360 -cm.

FIG. 3. Raw reflectance data at room temperature @nd

the carrier concentration, and, is the carrier-band mass.
For the data aT=10 K

Plotted in Fig. 4 is the dissipative part of the optical con- N (w’;)2 mnée?
ductivity o4,(w) at four temperatures, as obtained from fo 01(10 K)dw= g omt
Kramers-Kronig analyis of the reflectance data. For clarity,

only two of these temperatures were shown in the previoug,here w,=54 cm L is defined as the minimum imry ()
figure. AboveT*, in the incoherent regime, the frequency pggqciated with the resonance at low temperatusgss the
dgpendence of the conductivity can be described with th(auasiparticle plasma frequency, amd the quasiparticle ef-
simple D“;dze formula, _commonly used fo_r metadg:(w) fective mass. Taking the ratio of the spectral weights at room
=0o/1+ w75, whereaoy is the dc conductivity and is the temperature and 10 K, we estimate /m,~17. The quasi-
carrier relaxation time. At lower frequenciest€ = ') the  icle effective mass estimated from previous low-
conductlivity is essentially conzstant, while at high frequencie emperature specific heat measurem@nts m*/m,~27,
(w>777) itfalls off aso~w™ = At higher frequencies, the \;harem_is the free electron mass. This implies that the

Cf&dUCt'Y'lty w;:_:riasesb tf.) a _mgxmum a_roung %1'3 €Vcarrier-band mass at room temperature is slightly enhanced
(10" cm™ %), which we believe is due to an interband tran-iun m ~1 7m_. Using this value form, in Eq. (3), we

sition. Below the characteristic temperatdi®, in the coher- (i 0o 5 a0 121 em~2 which is in good agreement with
ent (or Kondo lattice regime, the conductivity gradually de- yno carrier concentration of 581071 cm-2 estimated from
veloas anarrow peak at zero frﬁquency anda reson?jrxze, -81all effect measurements. Other notable features in the data
a sharp rise in oy(w), with an onset aroun are narrow peaks at 114 and 267 chimarked by arrows

_ _l . . . .
=13 meV(100 cm”), indicated in the figure. The zero- wﬁich we ascribe to phonon modes. Similar measurements

frequency peak represents renormalized Drude response 8 samples oRFe,P;, (R=La, Ce, Th, U clearly show

heavy quasiparticles and is commonly found in heavy fer—Common phonon peaks, some of which may be associated

mion material$® The narrowness of the peak is due to the,ith the “rattling” of the filled atom?’ More detailed mea-
fact that the qu_aS|part|CIe scattering rate, 1.ez M the surementgnot shown indicate that the resonanca) does
Drude f_ormula, IS S”O’?Q'y _suppressgd in this regime. Ong, . op gy appreciably in energy as a function of temperature
can estimate the quasiparticle effective mass based on ﬂb‘aetween 10 and 70 K. We propose that the origin of this
redistribution of spectral weight in the conductivity curves . e is a pseudogap in the density of states of the quasi-
o1(w) that takes place at low temperatufésor the room- particles that opens in the vicinity of the Fermi level at low
temperature data, the spectral weight is given by temperatures {<T*). These quasiparticles are admixtures
of conduction electrons and Yielectrons, renormalized by
electron-electron interactions. Hybridization between the
level and conduction electron states becomes strong below
T*, producing heavy quasiparticles and a pseudogap of en-
where the upper limito,=2730 cm ! is just below the on- ergyA~13 meV, which is probed by optical measurements.
set of interband transitionsy,, is the plasma frequency,is  Metallic, holelike conduction in YbF&h;, at low tempera-

, 4

2

fwc 300K)d _en_ 3
. o1( ) w="g"= g (3
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tures can be explained if the Fermi enefgy lies within the  ZT<0.02 belowT=300 K. Infrared and optical reflectivity
lower of the two split hybridized bands. A forthcoming ar- stdies show the onset of coherence as reveal a gaplike fea-
ticle focusing on these and other optical reflectivity resultsyre in the ac conductivity below a characteristic temperature
will discuss this model in more detéfl T*, which is ascribed to electronic hybridization effects. Fu-
Similar features are seen in HF compounds such ag UPYyre studies on Yb-filled skutterudites will aim to tailor the
(see Ref. 2Pin which the formation of apseudagap inthe  glectronic conductiorfvia chemical doping and/or reduce
quasiparticle density of states at low temperatures is ascribgfle thermal conductiofvia partial filling of the Yb sit¢ in
to magnetic correlations, and also in the HF superconductQgyporing the metallurgical phase space for new thermoelec-
URW,Si; in which the formation of a partial gap at the Fermi tric materials. Optical studies hold great promise in elucidat-
surface is brought about by the occurrence of a spin-densiting the band structure of these materials and in answering
wave:™" Clearly, much more remains to be studied regardipng-standing questions regarding the nature of-taiectron

ing the nature of the gap in thg electr(_)nic dgnsity of stategnany-body resonance neag and of band gaps due to elec-
that occurs in HF systems, and its relationship to the hybridyonic hybridization effects.

ization band gap that is proposed in materials such as
UFe,P;, and CgBi,Pt;.
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