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High pressures and the Kondo gap in CgBi,Pt;
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We have measured the electrical resistiyifyl’) of single crystals of Cgi,Pt; for temperatures from 1.2 to
300 K, and pressures from 1 bar to 145 kbar. The transport is dominated at high temperatures by excitations
across a small activation gap which increases rapidly with pressure. The low-temperature transport involves
variable range hopping among extrinsic states in the gap. The spatial extent of the in-gap states reflects
coupling to conduction-electron states, and is strongly modified as pressure enAamespite the strong
pressure dependence af a direct correspondence between single-ion energetics and the measured gap is
maintained, and the role of valence fluctuations is minimal even at the highest pressures.
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The rare-earth and actinide intermetallic “heavy- of these gap states, how does the transport evolveBiE,
fermion” compounds are a continuing source of novel andis ideal for such a study, as Bethe ansaend 1N
diverse ground states, whose properties are determined nexpansiof® calculations on the Anderson impurity model
only by the energetics of the spin-compensated moments, biiave provided a rather complete picture of Ce ion energetics,
also by the consequences of lattice perioditifthe Kondo  Valid from the Kondo to mixed valence regimes.
insulators have attracted special experimental and theoretical

interest, prompted by the possibility that a particularly EXPERIMENTAL DETAILS AND RESULTS
simple explanation can be made for the origin of the small
electronic gap which characterizes its ground statamely, Large single crystals of GBi,Pt; were grown from a Bi

the electronic structure of Kondo insulators is thought toflux, using high-purity starting materials, including zone-
derive from the coherent hybridization of a periodic lattice Ofrefined Ce. The Samp|es were mechanica”y and Chemica"y
Kondo ions?* Mean-field solution$ of the Kondo lattice thinned to a final thickness of 0.003 in. and mounted for
find that this coherence gap is comparable to the single iofesistivity measurements in a high-pressure Bridgman anvil
Kondo temperature, at least for small Kondo temperaturege|l. Experimental pressures were determiireditu using a
and weak mixed valence. superconducting Pb manometéiWe measured the electri-

Ce;Bi Pt is one of the most heavily studied Kondo insu- cal resistivity p(T) of two crystals of CgBi,Pt; from the
lators. Electrical resistivity measurements, supplemented byame preparation batch for temperatures between 1.2 and
thermopower measurements, have identified small 300 K and the results are shown in Figga)land ib).
temperature-dependent gAp whose maximum value is ap-
proximately 50 K. Inelastic neutron scatterirand infrared 80
reflectivity measurementdind gaps of 100 and 200 K, re-
spectively. Finally, the electronic specific hat the lowest
temperatures is smaller than the isostructural, weakly inter- 60 LA J 60 h B
acting metallic analog LgBi,Pt;, indicating a vanishingly —_ —
small density of states at the Fermi level. Taken together, 5
these measurements argue convincingly that the Fermi level & 40
in Ce;Bi,Pt; lies in a small gap, and that the origin of the gap E
lies with correlations among the conduction electrons. Core- <
level spectroscopyfinds that the ambient pressure, room-
temperature Ce valence is 3.1, indicating that valence fluc-
tuations are relatively weak. For this reason, the gap in 0| N 0
Ce;Biy Pt is thought to be a primarily magnetic energy scale, 0 150 300 0 150 300
roughly equivalent to the Ce ion Kondo temperature. T(K) T (K)

The high-pressure resistivity measurements presented
here address two related points. First, for what range of gap FiG. 1. Electrical resistivity of two single crystals of §B#,Pt.
magnitudes can the gap be associated with the Kondo temxpplied pressures for sample 1 aée=1 bar,B=24 kbar,C=37
perature? Second, the low-temperature transport indicaté&®ar, D =64 kbar,E=117 kbar. Applied pressures for sample 2 are
that the Fermi level lies in states in the gap. As we useA=3 kbar,B=22 kbar,C= 36 kbar,D =60 kbar,E=117 kbar, and
pressure to continuously modify the electronic environmen¥ =145 kbar.

80

Sample 1 Sample 2
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FIG. 2. Double logarithmic plot op(T) of sample 2. Applied FIG. 3. Activation plot ofp(T) of sample 1. Applied pressures

pressures ard=3 |(ba|’7 B=22 kbar’ C=36 kbar’ D=60 kbar1 areA=1 bar, B=24 kbar,C: 37 kbar,D =64 kbar,E: 117 kbar.
E=117 kbar, and~ =145 kbar.

ween the low-temperature transport regime and the condi-
ion for activated resistivity, that <A, becomes more lim-
initially decreases as the temperature is reduced from roorﬁed' Usmg. resistivity and th_ermopower measurements
temperature, reaches a minimum value near 70 K, and mon(?‘-n"’llyzed using degeneraFe sem|condu_ctor Stat'St'C‘.s' Hundley
tonically increases with further reduction in temperature.et al.§howe<§ that at ambient pressuk increases W'th de-
reasing temperature and consequently that the ambient pres-

With increased pressure, the overall strength of this tempera?— o . g . )
lyre resistivity is not simply activated, in agreement with

ture dependence is moderated and a low-temperature plate . > ;
in p(T) is observed. In both samples, the Iow-temperaturé%‘eorencal prediction$.Above approximately 30 kbar, the

resistivity is rapidly suppressed with pressure, although th nalys_is i_S sir_npler, as a clear_range of _tem_per_atures can be
effect ofypressﬁre Bils mrijrﬂmal abovelo% Kbar in samplg 1 %entlfled in Fig. 3 for which activated resistivity is observed.

and 120 kbar in sample 2. At each pressp(®) continues We report the pressure dependence of the corresponding

to increase as the temperature is reduced, signalling thé@mperature-independent gap in Fig. 4, for tvyo different
CesBi Pt is always insulating. In sample 2, we observegCystals of CeBi,Pt;. For both samples, the gap is found to

sharp drops in the resistivity at low temperature, suggestivj—:ncrease dramatically with pressure. In sample 2, 145 kbar is
of filamentary superconductivity. The pressure-depende

nstufficient pressure to raise the gap from its ambient pressure
temperature at which we observed the resistivity drop agree

lue of 50 K more than a full order of magnitude to 560 K.
very closely to the complicated pressure-critical temperatur he g|?p mlsafmplt(; lis no less preis%re gepegdenlt, t.bUt :he
phase diagram of superconducting'BWe conclude that Bi overal scale for the gap IS somewhat reduced, refative 1o
flux remains in this sample, perhaps at the grain boundarie

§amp|e 2. We note that our measurements of the pressure
but amounting to no more than a few weight percent. No

sign of excess Bi was observed in sample 1. 600
The electrical resistivity of sample 1 is presented in the

double logarithmic plot of Fig. 2 to highlight the remarkable

changes in the low-temperature transport observed under -

pressure. At each pressure, a characteristic temperature can 400 | o

be identified that marks the crossover from the high-

temperaturep(T), which we will argue arises from excita-

tions across the electronic gap, to the low-temperature resis- 200 °

tivity, which is mediated by extrinsic gap states. We will | ) ++ e

analyze the electrical resistivity in these two regimes in turn. ®
We begin by examining the high-temperature regime,

where the transport is dominated by excitations across the 0 . .

gap. To establish this, we have plotted the temperature- 0 50 100 150

dependent resistivity(T) in an activation plot, Fig. 3. At P (kbar)

high pressures, an extensive linear regime is found, and an

activation gapA can be readily identified, increasing with  FIG. 4. Pressure dependence of the activationydpr sample

increasing pressure. At low pressures, the analysis is morg(filled circles and sample 2open circles The asterisks represent

complicated, as the range of temperatures sandwiched ba{P) from Ref. 13.

Qualitatively, both samples show the previously reporte
behavior for ambient pressure GBi,Pt;, namely, thap(T)

A
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FIG. 5. Demonstration of a variable range-hopping contribution F'CG- 6. (8 A comparison of the Kondo temperatufg (dashed
to p(T) in sample 1 at low temperatures and high pressuxes43 line) and the gap (solid line) for the Ce impurity Anderson model

kbar. B=50 kbar.C=64 kbar.D=117 kbar. as a function of the #electron/conduction-electron hybridization.
' ' ' Filled circles are values of the gap measured for sample 2 as a

dependence of are in qualitative agreement with a previous function of pressurgb) The estimated increase in the Ce valence in
P 4 9 P Ce;Bi Pty for the pressure-dependent hybridization deduced from

resistivity study at pressures below 15 kbawhose results -2 measured (P)
are reproduced in Fig. 4. A comparison of the three samples ’

represented in Fig. 4 suggests that there is considerablFh ters in thi . th f the And
sample dependence not only in the magnitude of the activa- € parameters in this expression are tnose of the Anderson
purity model. By analyzing the specific heat, magnetic

tion gap, but also in its pressure dependence. A possibl tibilit d t ¢ i ¢ BBPL
explanation is that impurities or defects provide a positivesuscehpI gy't anB q rI?nspdorC c%r:*%%r |esd 0 b3' Qt 3
chemical pressure in samples like sample 1, and that thi§anC ez-Laslro, bedel, and Lo uced ambient pres-

hemical or ; h i r re in its eff re values of the model parameters of the conduction elec-
fh:ele:;rgn?sssl:rjc?gges tothe applied pressure inits e ectcﬁ\én density of state®dN(Ez)=1.02/ eV andD=2 eV. Al-

Turning now to the low-temperature transport, we haVethough this analysis suggests that thelectron energy; is

plotted the logarithm of the electrical resistivity as afunctiono'2 eV below th? ehemlcel potential, pér%ot.oe_rmssmn mea-
of T¥ in Fig. 5 to demonstrate that the transport in surements on similar GBi,Pt; samples® indicate that

this temperature range is by three-dimensional variabl§f=2'08 ey, similar to values found in a wide_ variety of Ce
range hopping, which is characterized by(T) intermetallics. We take the ground-state Ce ion degeneracy

= poexp[(To/T) ™). As is clear from Fig. 5, it is not possible N to be 2. If we make the well-established assumption for Ce
to make this claim below=30 kbar in either sample over a compounds that the primary effect of pressure is to increase

meaningfully large range of temperatures. However, at 14§he hybndlzatlonv, gN hile leaving the other parameters es-
kbar, variable range hopping dominates the transport il,?entlally unaffected; then we can use our measurements of
sample 2 between 40 and 1 K. Attempts to describe the datt‘%e pressure dependence/ofo determine the magnitude of

: P ; - fhe variation of V in our experiment. Note that the
using power laws, or modifications of variable range hOIOIOIngi:onduction—electron—Iocal—momtlia)nt hybridizatidf=0.425

eV required to reproduce the measured ambient pressure gap
A is almost four times larger than that suggested by Sanchez-
Castro, Bedell, and Coopéev,=0.112 eV.

functions ofV in Fig 6. Values of the gap observed in our

The electronic structure of Kondo insulators, of which - | | lotted. indicat h
Ce;Bi,Pt; at ambient pressure is taken to be the archtypeSXPeriments on sample 2 are also plotted, indicating that

arises from the hybridization of a regular latticefeélectron  (Nere is approximately a 30% increase in hybridization over
moments coupled to the conduction electrdrsif there is (€ Pressure range studied in our experiment. Only at the
one conduction electron pérmoment, the hybridized band 'ar9€st values o¥ is it possible to discern a difference be-
structure is halffiled and the material, like {B8,Pt, is  WeenTk(V) andA(V), suggesting that the role of charge
insulating. The gap reflects the energetics of individual, fuctuations is minimal in determining the energetics of
compensated-moments, and in the limit of weak hybridiza- C©BiaPk, even at the highest pressures. Knowing the pres-
tion is approximated by the Kondo temperatdrg. How-  SUré dependence of, we can deduce_ the pressure-induced
ever, a more general expression fiorthe fundamental en- change in the Ce valence by compazlrlng the pressure depen-
ergy scale for Ce moments, has been obtained from 1/ dences of the charge energy schle”/D and the spin en-
expansions, valid for arbitrarily strong charge and spint'9Y S,C"’Tle-I;K' The deviation from integrall-site occupancy
fluctuations™® ny satisfie

including interactions or limited dimensionality were uni-
formly less successful than the analysis presented here.

es—A=—Nn(Ep)VAn[(D+A)/A]. ) ni=NpoVZ/(A+NpoV?). 2
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FIG. 7. The pressure dependence of the variable range-hopping FIG. 8. The_ pressure dependen_ce of_the extrapolated zero-
parameterT, for sample 1(filled circley and sample 2(open tempere_lture resistivity, for sample 1(filled circles and sample 2
circles. (open circles

The computed Ce valence is plotted in Fig. 6 for the valuegpressure range. This trend is mirrored by the pressure depen-
of V implied by our measured (P). The application of 145 dence of the extrapolated zero-temperature resistipity
kbar raises the Ce valence from its ambient pressure value gfotted in Fig. 8. For both sampleg, decreases with pres-
3.01-3.08. Core-level spectroscopy measure_rﬁé'mtd the  sure, having very similar values belows0—70 kbar. While
ambient pressure Ce valence to be 3.1. In lieu of detailedh, approaches a constant, high-pressure value in sample 2, it
spectroscopic determination of the model parameters, it ifcreases in sample 1 at high pressure. It has been
not possible at this point to determine whether the differencey,ggestetf that the extrapolated residual resistivity is a sen-
between the calculated and measured Ce valence reflects agy o probe of sample quality in related compounds like

fundamental limitation to applying the Anderson impurity SmB,. Fi o
. ) . Figure 8 shows that this is not the case fog@lgPt;,
model to understanding the energetics of&Ight. Our re- which the sample dependence gf is relatively min03r.

sults indicate that the strong pressure dependence of the g Ver the entire experimental pressure rangg,in both

in Ce;Bi,Pt; is wholly consistent with the strong hybridiza- 0?e3Bi4Pt3 samples is orders of magnitude smaller than the

tion dependence of the Ce ion Kondo temperature, and f : i e ; ;
the pressure range studied here, the gap excitations affegiaximum metallic resistivity, seemingly ruling out substan-

primarily the conduction electron spin, but not the Ce iontidl many-body character for the gap staftes. _
valence. The pressure dependences of the variable range-hopping

parametersT, and p, argue that the gap states are initially
delocalized by pressure, but are ultimately localized at the
highest pressures. We can understand this result in a very
general way if the gap states derive a substantial part of their
Our analysis of the pressure dependence of the gap ispatial extent from hybridization with conduction-electron
Ce;Bi,Pt; is consistent with the view that the gap increasesstates. While pressure can be expected to increase the spatial
due to increased hybridization between thelectron and overlap of the local in-gap states and the itinerant conduction
conduction-electron states. The effect that the modifed elealectrons, at the same time pressure quickly increases the
tronic environment has on the transport properties of in-gagnergy separation of the two types of states, approximated by
states is a sensitive probe of the nature and Origin of thOSg_ We suggest that at low pressures, the over|ap between
states. As depicted in Fig. 5, the low-temperature transport ify-gap states, evidenced by the enhangd is driven by
dominated by the variable range-hopping mechanism, implytheir increased conduction-electron character, much as oc-
ing that transport involves direct overlap of the gap-stat& s in Si:P under uniaxial stre&sThis trend is reversed at

LOW-TEMPERATURE TRANSPORT
AND THE IN-GAP STATES

gap states, the localization lengdy., can be found by not-

; ap increases the dielectric constant and thus the spatial lo-
ing that® gap P

calization of the gap states. Singg. depends not only on

the pressure-dependent spatial extent of the gap-state wave

function but also on the pressuiredependentoncentration
©) of the gap states we can formulate an explanation for the
The pressure dependence Tf is plotted in Fig. 7.T, is  sample dependence apparent in Fig. 7. For a given value of
larger and more pressure dependent in sample 1. Despite thige gapA, a sample with a lower concentration of gap states
difference in magnitude of , between the two samples, the would be expected to have a smaller carrier localization
characteristic length scal§,. associated with the in-gap length¢.. For this reason, Fig. 9, which compares the pres-
states has a maximum in both samples in our experimentaiure evolution of§,. in our two samples suggests that

p(T)=peexpTo/T)Y¥* with kgTo=1.5/N(Eg) &S
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o y electron+-electron character of the gap-edge states causes
the formation of a localized state with magnetic character at
o, * o the site of a nonmagnetic impurity. Doping studies provide
evidence that Cg ,La,Bi,Pt; may host such Kondo hole
states. While there is not a specific theoretical prediction for
the effect of pressure on the transport properties of a Kondo
hole, it is reasonable to expect that the spatial extent of the
O state should qualitatively follow that of the Kondo effect
] itself. Namely, pressure enhances long-range hybridization
interactions, broadening and delocalizing the gap-edge
©0° states. However, at the same time, the pressure-induced in-
. . crease of the gap seeks to localize all gap states, including
200 400 600 the Kondo hole, and eventually is the dominant effect at
A (K) sufficiently h|gh pressure. Slnce_ the concentration of trace
defect states is too low to determine their magnetic character,
we have at present no means of distinguishing between these
FIG. 9. The evolution of the electron localization length two possible descriptions of the in-gap states inBLéPt,.
£>Tp'® as a function of activation gap for sample 1(filled In summary, our measurements of the high-pressure resis-
circles and sample Zopen circles The implicit variable is pres-  tivity of Ce;Bi,Pt; have revealed that there are two different
sure, which varies between 1 bar and 117 kbar for sample 1, and fansport mechanisms present, with gap excitations dominat-
kbar and 145 kbar for sample 2. ing the high-temperature transport and gap-state transport
dominating the low-temperature transport. Pressure increases
éEe electronic gap, and we find that the association wfith
the Ce Kondo temperature is robust, even for a more than
than sample 1. tenfold increase in the gap magnitude. Unlike other small

Several proposals have been made regarding the origin §ap systems in this family of materials, proximity to valence

in-gap states in mixed valence and Kondo gap insulatordnstability does not seem to be critical to the formation of the

Recently, we have argued that the in-gap states in pressugprrelation gap in CBi,Pt. _Th‘? Iow-tem_perature transport
ized SmB are precursors of the high-pressure, ungappe(ﬁeveals the presence of extrinsic states in the gap. The spatial

metal?2 We can rule this possibility out in GBi,P, as extent of the in-gap states arises from their coupling to ex-

pressure increases the gap, ostensibly driving this systegfnded’ gap-edge states, a coupling that is strongly affected

away from metallicity. Our high-pressure studies emphasiz y pressure tuning of th_e gap. A more detailed examination
(éf the magnetic properties of these in-gap states would be

the importance of coupling between the in-gap and gap-ed o : . :
states. If the defect has a magnetic moment, one ap;fn"bac%’ery useful for clarifying the extent to which their energetics

is to assume that the origin of the gap is independent of th8"® coupled to that of undoped £&,Pt.
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sample 2 has a lower concentration of gap states, and pr
sumably a lower concentration of defects and impurities

1For a review of heavy fermions, see H. R. Ott and Z. Fisk, in  Riseborough, Phys. Rev. 84, 6832(1991).
Handbook on the Physics and Chemistry of the Actiniddied B. Bucher, Z. Schlesinger, P. C. Canfield, and Z. Fisk, Phys. Rev.

by A. J. Freeman and G. H. Land@torth-Holland, Amsterdam, Lett. 72, 522 (1994).

1987, p. 85. 8G. H. Kwei, J. M. Lawrence, and P. C. Canfield, Phys. Re¥9B
2G. Aeppli and Z. Fisk, Comments Condens. Mater. Phgs155 14 708(1994.

(1992. 9pP. Schlottmann, Phys. Rev. LeB0, 1697(1983; Z. Phys. B51,
3p. Riseborough, Phys. Rev.45, 13 984(1992. 223(1993.

4A. J. Millis, in Physical Phenomena at High Magnetic Fields °J. W. Rasul and A. C. Hewson, J. Phys16, L933 (1983; 17,

edited by E. Manousakiet al. (Addison-Wesley, Redwood 2555(1984); 17, 3337(1984).

City, CA, 1992, p. 146. 117, F. Smith, C. W. Chu, and M. B. Maple, Cryogenifs 53
SM. F. Hundley, P. C. Canfield, J. D. Thompson, Z. Fisk, and J. M. (1969.

Lawrence, Phys. Rev. B2, 6842(1990; M. F. Hundley, P. C.  ?N. Lotter and J. W. Wittig, J. Phys. B2, 440(1989.

Canfield, J. D. Thompson, and Z. Fishkjd. 50, 18 142(1994. 3w, P. Beyermanriprivate communication J. D. Thompson, W.
6A. Severing, J. D. Thompson, P. C. Canfield, Z. Fisk, and P. P. Beyermann, P. C. Canfield, Z. Fisk, M. F. Hundley, G. H.



7538 J. C. COOLEY, M. C. ARONSON, AND P. C. CANFIELD 55

Kwei, R. S. Kwok, A. Lacerda, J. M. Lawrence, and A. Sever-  Goettee, W. L. Hults, A. Lacerda, T. D. McLendon, P. Tiwari,
ing, in Transport and Thermal Properties of f-Electron Systems  and J. L. Smith, Physica B23-224 256 (1996.

edited by G. OomiPlenum, New York, 1993 p. 35. 20C, M. Varma, inWindsurfing the Fermi Seadited by T. T. S.
14C. sanchez-Castro, K. Bedell, and B. R. Cooper, Phys. R&7, B Kuo and J. SpetliNorth-Holland, Amsterdam, 1987Vol. 1, p.
6879(1993. 69.
15A. J. Arko (private communication 2IM. A. Paalanen, T. F. Rosenbaum, G. A. Thomas, and R. N.

163, Rdhler, in Handbook on the Physics and Chemistry of the Rare  Bhatt, Phys. Rev. Let#8, 1284(1982; R. N. Bhatt, Phys. Rev.
Earths edited by K. A. Gschneidner, L. R. Eyring, and S. B 26, 1082(1982.

Huffner (North-Holland, Amsterdam, 198,7Vol 10, p. 492. 223, C. Cooley, M. C. Aronson, Z. Fisk, and P. C. Canfield, Phys.
0. Gunnarsson and K. Schilammer, Phys. Rev. B8, 4315 Rev. Lett.74, 1629(1995.

(1983. 23K, Satori, H. Shiba, O. Sakai, and Y. Shimizu, J. Phys. Soc. Jpn.
18g5ee, for instance, N. F. Mott, iMetal-Insulator Transitions2nd 61, 3239(1992; K. Takegahara, Y. Shimizu, N. Gto, and O.

ed. (Taylor & Francis, London, 1990p. 51. Sakai, Physica B.86-188 381(1993.

19A. Kebede, M. C. Aronson, C. M. Buford, P. C. Canfield, J. H. ?*See, P. Schlottmann, J. Appl. Phy&s, 7044 (1994, and refer-
Cho, B. R. Coles, J. C. Cooley, J. Y. Coulter, Z. Fisk, J. D.  ences therein.



