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Abstract .,-

The resistivity p and thermoelectric power S of the doped Kondo insulator (Ce_.

xLax),_Bi4Phare examined to determine the effects of doping on the narrow gap exln"oitedby this

compound. With increasing La concentration the energy gap progressively disappears in both p

and S and band-like transport develops below 25 K. The T=0 transport energy gap as determined

from either p or S scales with the single-impurity Kondo energy scale TK as determined from

magnetic susceptibility measurements, independently of x for x _ 0.25. This result strongly

suggests that the gap arises from band hybridization that is driven by Kondo-like many-body

correlations rather than from single-electronic interactions.
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A number of weft-known ground states occur in f-electronic systems that result from the

competition between electronic and magnetic correlations; these ground states include the heavy

ferm/on or mixed-valent states, unconventional superconductivity, and antiferromagnetic order._

Recently, a new ground states referred to as a Kondo insulator has been identified. 2 These

systems exhibit extremely narrow energy gaps Es on the order of 100 K as determined from both

electronic transport3 and inelastic neutron scattering measurements. 4 Lattice constant

measurements show an anomalous thermal expansion coefficient and a Crameisen parameter f_

36 indicative of mixed-valent behavior.5 A straightforward interpretation of the behavior

exhibited by a Kondo insulator is that the energy gap is derived from hybridization between a

wide conduction band and an f-band that is renomalized to the Fermi level via Kondo-like many

body interactions. An indirect gap results if the electron count is precisely two per unit cell,

totally filling the valence band. Mean-field treatments6'_ of the Anderson lattice Hamiltonian

suggest that the energy gap should scale with the single-impurity Kondo energy scale %: and that

the gap should be a decreasing function of temperature; transport measurementss on the Kondo

insulator Ce3Bi41_3indicate that, as predicted, the energy gap is strongly temperature-dependent.

If the narrow energy gap in Kondo insulators is a manifestation of many-body interactions

then the gap should be strongly affected by non-magnetic substitution for the f-element. Further,

the quantitative effect of f-moment substitution should be quite different from that expected for a

gap resulting from conventional single-electron physics. A theoretical model9 of non-magnetic

doping effects on Kondo insulators based on an Anderson lattice Hamiltonian suggests that the

non-magnetic impurities form Kondo holes that break the translational invariance, and, in turn, the

coherence of the ground state. With finite concentrations of Kondo holes an impurity band forms



inside the gap. Below a critical doping level, the energy gap persists and the impurity band acts in

parallelwith the semiconducting valence and conduction bands.

To determine the importance of f-moment periodicity on the energy gap in Kondo

insulators we performed an electronic transport study on the effects of non-magnetic La

substitution for Ce in the Kondo insulator Ce3Bi4Pt3. This compound exhibits a narrow energy

gap Es (T--, 0) e 130 K in electrical resistivity 13, thermoelectric power (TEP) S, and I-laH

constant Ra, _° the gap is also reflected in the magnetic susceptibility. We have measured the

resistivity and thermoelectric power of (Cel.xLax)3Bi4Pt3for six dopant levels (x = 0, 0.01, 0.1,

0.25, 0.5, 1.0) from 4 K to 325 K. With increasing La concentration the gap progressively

disappears in both p and S and band-like transport develops below 25 K. Further, the energy gap

is found to scale with the characteristic Kondo energy scale %: as inferred form magnetic

susceptibility measurements for x < 0.25. This suggests that the energy gap forms from band

hybridization that is driven by many-body, rather than single-electron, interactions.

Single crystals of (Ce_.xLa_)sBi4Pt3were grown from a bismuth fluxwith nominal

lanthanum concentrations ofx = 0, 0.01, 0.1, 0.25, 0.5, and 1.0. For each doping concentration 13

and S measurements were performed on the same specimen. A conventional four-probe dc

technique was employed in measuring the resistivity, while the TEP was measured by suspending

a single crystal between two electrically isolated copper posts across which a variable temperature

gradient was applied; electrical contacts were made using a silver conductive paint.

The normalized resistivity of La-doped Ce3Bi4Pt3 is depicted in Fig. 1. p for pure

CesBi4Pt3 shows a rapid rise with decreasing temperature indicative of activated behavior. At

room temperature the resistivity of Ce3Bi4Pt3 (p(300 K) e 200 _ cm) is typical of a mixed-



valent compound in the single-impurity Kondo regime. A detailed analysiss of p(T) involving

degenerate semiconductor statistics (valid for E8 e kBT) indicates that Es(100 K) = 90 K and that

the gap decreases with increasing temperature. Below 50 K extrinsic effects (i.e. impurities)

dominate the re_. As Ce is replaced by La the resistivity drops markedly, with just 1% La,

p drops by a factor of 50 at 4 K relative to the tmdoped material. Out to 50% doping, dR/dT

continues to be negative. Pure La3Bi4Pt3has a resistivity indicative of a dirty metal with a short

mean-l_ee path.11 At 1% La doping the resistivity exhibits a maximum near 25 K below which p

approaches a T 2 temperature dependence suggestive of Fermi-liquid like behavior. With 10% La

doping a local peak in p is also evident near 25 K.

The TEP of La-doped Ce3Bi4Pt3is presented in Fig. 2. For the undoped material S rises

with decreasing temperature, reaches a maximum at 20 K and drops with decreasing temperature.

Above 80 K the TEP exhibits semiconducting behavior ( S oc l/T); an analysis involving

degenerate electron statisticss indicates that Es(100 K) = 95 K, and that the gap falls with

increasing temperature. As with p and R_, _° the TEP below 80 K is characteristic of transport

dominated by an extrinsic conduction mechanism as is common in impure semiconductors. When

doped with 1% La, S rises to a larger value then for pure Ce3Bi4Pt3. A detailed energy gap

analysis (see below) indicates that the gap is essentially the same for pure and 1% doped

Ce3Bi4Pt3. Hence, the enhanced peak for (Ceo.99Lao.ol)3Bi4Pt3may be a growth artifact which

reflects a reduction in the extrinsic conduction mechanism upon very light La doping. With

increased doping the TEP progressively drops at all temperatures indicative of an increase in

carder concentration and a reduction in the energy gap. For La3Bi4Pt3the TEP is negative at all



• temperature with a temperature dependence characteristic of a metal with a low concentration of

carriers.

The transport data in Figs. 1 and 2 indicate that moderate alloying with La suppresses the

energy gap and gives rise to band-like behavior below 25 K. For 1% and 10% La doping there

are indications in Othat a partially coherent, Fermi-liquidlike regime is approached (i.e., dp/dT >

0) below 25 K. These results are consistent with the semiconducting behavior exhibited in

Ce3Bi4Pt3arising from band hybridization involving a renomalized f-band. Alloying with La acts

to disrupt the f-moment lattice periodicity which in turn suppresses the energy gap by inln_biting

the many-body interactions responsible for the band renormaliTation.

To move towards a more quantitative analysis we will examine the transport data in terms

of a Kondo-hole impurity model.9 In this model a (I/d) expansion is employed to determine the

effects of non-magnetic doping on a Kondo insulator. The non-magnetic dopant forms a Kondo-

hole impurity band which resided inside the energy gap. The band has both a height and width

proportional to x It2. The impurity doping does not directly change the Kondo energy scale TK.
o

The gap energy is similarly unaffected for doping below the critical threshold where the impurity

bandwidth reaches and exceeds Es. Experimental support for this model is provided by specific

heat measurements m2on La doped Ce3Bi4Ph which indicate that the T-linear contribution to Cp

does grow as x _/2.

In analyzing the p and TEP data we assume that the Kondo-hole impurity band which acts

in parallel with the semiconducting bands has the characteristics of a dirty, poorly conducting

metal. The transport properties of the system will then be determined by the better conducting

valence and conduction bands. As such, both p and S should display semiconducting behavior. A

5
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quantitative analysis must employ degenerate semiconductor electron statistics 8'_3since Ce3Bi4Pt3

is not in the degenerate (E8 >> kBT) limit. The system is modeled as two wide parabolic bands

separated by Es(T). This is a reasonable assumption for the upper and lower hybridization bands

away from the Brillouin zone edge; the f-like states near the band edges will have a very low

mobility, and, as such, will not contn_butesignificantly to the transport. In addition, we assume

that scattering is dominated by electron-phonon interactions,s Expressions for the resistivity and

TEP valid for Es e kBTare given by

p r)- r)} ,

+ (2)
e Fo(-Es/ksT )

where po is a constant, ks is the Boltzmann constant, e is the electron's charge, and Fn(x) is the

nth-order Fermi-Dirac integral

eo

Fn (x)= l+exl_i'e_x) dz . (3)

Es(T) can be determined by employing Eqns. I-3 in tandem with the transport data in Figs. 1 and

2 to compose a self-consistent numerical calculation. The results of this analysis are presented in

Fig. 3 where Eg(100 K) as determined from both p and S data is plotted as a function of La

concentration. Es(100 K) drops from 95 K (8.2 meV) for pure Ce3Bi4Pt3to 40 K (3.4 meV) for

x=0.25, and 15 K (1.3 meV) for x=0.5.

If the narrow energy gap evident in both pure and La doped Ce3Bi4Pt3is a manifestation

of band hybridization driven by many-body renormalization then the magnitude of the gap should

scale with the characteristic single-impurity Kondo energy scale TK. This energy can be



determinedfrom the temperatureTin, where a maximumoccurs in the dc magnetic susceptibility

_; a Bethe-ansatz theory valid for J-5/2 Ce indicatesthat TK= 4 Tmax.14 Tma,,(x)was previously

reported_2and the results appearas open trianglesin Fig. 3. T=_ and hence TKdecreasewith

increasingLa concentration. This would appearto be at odds with the Kondo-hole impurity

model wherein E8 is independent of x (in that model the gap energy is dominatedby Coulomb

repulsionwhich should be weakly dependent on x). This discrepancyis liftedwhen the effect of

La doping on the lattice constant, coupled with the large Gruneisenparameterfor Ce3Bi_t3, is

considered. The lattice constant for La3Bi_Pt3 iS 1%largerthen for Ce3BioDt3at 4 K.5 Hence,

with progressivelyincreasingLa doping the lattice expandsunder an negative effective chemical

pressure. Just as hydrostatic pressure enhances the mixed-valent nature of Ce3Bio_t3and

increases the gap,_2increased La doping expands the lattice, favoring the smallertri-valent 4f_

over the tetra-valent 4I° configuration. Thisreduces the mixed-valenceof the compound which

then reducesthe hybridization,TK,andthe energygap.

The Tm_ and Eg(100 K) data in Fig. 3 indicate that both quantities decrease with

increasingLa concentration. The renormalizedf=banddescriptionof a Kondo insulatorindicates

that the energy gap should itself be a decreasing fimction of temperature,Es(T) = f(T/TK).6'7

Hence, to quantitativelycomparethe transportenergy scaleE8and the Kondo energy scaleTKwe

must renormalizeEs(100 K) to Es(T = 0). Measurementson pure Ce3Bi4Pt3indicate that the

mean-field prediction in Ref. 7 provides a good description of f(T/TK). By employing this

fimction,Eg(0)can be determinedfrom Eg(100K) and T):. TheratioEs(0)/TKwith T):- 4 Tin, is

plotted as a fimction of La concentrationin Fig. 3 (open squares). For x=0 to 0.25 this ratio is

independent of x to within 10 %. Given the large uncertainties involved in the estimate of



Es(O)/TK, it appears that for low to moderate levels of La doping concentrations the transport

energy gap tracks the Kondo energy scale. Only with 50 % doping is there considerable

deviation in the ratio; with x = 0.5 many of the assmnptions involved in the analysis may be

invalid. As such, it is not surprising that when one-half of the f-moments are replaced the

transport and Kondo energies are no longer coupled. Hence, at up to moderate doping levels a

single energy, the single-hnpurity Kondo energy TK, can describe the magnetic, thermodynamic,

and transport properties of Kondo insulators. This lends support to the description wherein

many-body interactions control the properties exhibited by these systems.

An alternative to this description ofthe Kondo insulator is that many-body effects play no

part in the underlying physics. In this _amework Ce3Bi4Pt3 is a conventional narrow-band

semiconductor wherein La doping produces a metallic impurity band which suppresses the

activated transport properties. A description of this type is intractable because it cannot explain

the large linear contribution to Cp that develops with La doping. Similarly, this conventional

description would not predict that the transport gap energy would scale with Tmax as a function of

La doping. Hence, it seems unlikely that a conventional (i.e., single-electron) semiconductor

model of Kondo insulators can explain the magnetic, transport, and thermodynamic behavior

exhibited by the system (Ce].xLax)3Bi4Pt3while many-body renormalization models predict this

behavior explicitly.

In summary, a careful study of the transport properties of (Ce_.xLa_)3Bi4Pt3indicates that

La substitution acts to progressively decrease Es with increasing x. The decrease in Es(0) with

increasing x tracks a similar decrease in the single-impurity Kondo energy TK. A single energy

scale, TK, can therefore describe the transport (p and S), magnetic (X), and thermodynamic (Cp)
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properties of the Kondo insulator Ce3Bi4Pt3. This suggests strongly that the semiconducting

properties exhibited by Kondo insulators arise from band hybridization between a conventional

conduction band and a renomalized f-band wherein the renormalization is driven by Kondo-like

many-body correlations rather then by single-electron interactions.
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• Figure Captions

Fig. 1: p normalizedat 300 K plotted versusT for six La dopingconcentrations.

Fig. 2: The TEP plotted versustemperaturefor six La dopingconcentrations.

Fig. 3: Transportenergy gap Es at 100 K, Tmsx,and Eg(T--0)/Txplottedversus La concentration

x. Es(T=O)/Txdata(open squares)are plotted on the right axis while the transportgaps

inferred_om resistivity(solid squares) and thermoelectricpower (open circles) data are

plotted on the left axis. T=,_is also plottedonthe leftaxis.
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