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High pressures and the Kondo gap in Ce3Bi4Pt3

J. C. Cooley and M. C. Aronson
Department of Physics, The University of Michigan, Ann Arbor, Michigan 48109-1120

P. C. Canfield
Ames Laboratory, Iowa State University, Ames, Iowa 50011

~Received 20 September 1996!

We have measured the electrical resistivityr(T) of single crystals of Ce3Bi4Pt3 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 gapD, 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 enhancesD. Despite the strong
pressure dependence ofD, 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 ‘‘heav
fermion’’ compounds are a continuing source of novel a
diverse ground states, whose properties are determined
only by the energetics of the spin-compensated moments
also by the consequences of lattice periodicity.1 The Kondo
insulators have attracted special experimental and theore
interest, prompted by the possibility that a particula
simple explanation can be made for the origin of the sm
electronic gap which characterizes its ground state.2 Namely,
the electronic structure of Kondo insulators is thought
derive from the coherent hybridization of a periodic lattice
Kondo ions.3,4 Mean-field solutions3 of the Kondo lattice
find that this coherence gap is comparable to the single
Kondo temperature, at least for small Kondo temperatu
and weak mixed valence.

Ce3Bi4Pt3 is one of the most heavily studied Kondo ins
lators. Electrical resistivity measurements, supplemented
thermopower measurements, have identified5 a small
temperature-dependent gapD, whose maximum value is ap
proximately 50 K. Inelastic neutron scattering6 and infrared
reflectivity measurements7 find gaps of 100 and 200 K, re
spectively. Finally, the electronic specific heat5 at the lowest
temperatures is smaller than the isostructural, weakly in
acting metallic analog La3Bi4Pt3, indicating a vanishingly
small density of states at the Fermi level. Taken togeth
these measurements argue convincingly that the Fermi l
in Ce3Bi4Pt3 lies in a small gap, and that the origin of the g
lies with correlations among the conduction electrons. Co
level spectroscopy8 finds that the ambient pressure, room
temperature Ce valence is 3.1, indicating that valence fl
tuations are relatively weak. For this reason, the gap
Ce3Bi4Pt3 is thought to be a primarily magnetic energy sca
roughly equivalent to the Ce ion Kondo temperature.

The high-pressure resistivity measurements prese
here address two related points. First, for what range of
magnitudes can the gap be associated with the Kondo
perature? Second, the low-temperature transport indic
that the Fermi level lies in states in the gap. As we u
pressure to continuously modify the electronic environm
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of these gap states, how does the transport evolve? Ce3Bi4Pt3
is ideal for such a study, as Bethe ansatz9 and 1/N
expansion10 calculations on the Anderson impurity mod
have provided a rather complete picture of Ce ion energe
valid from the Kondo to mixed valence regimes.

EXPERIMENTAL DETAILS AND RESULTS

Large single crystals of Ce3Bi4Pt3 were grown from a Bi
flux, using high-purity starting materials, including zon
refined Ce. The samples were mechanically and chemic
thinned to a final thickness of 0.003 in. and mounted
resistivity measurements in a high-pressure Bridgman a
cell. Experimental pressures were determinedin situ using a
superconducting Pb manometer.11 We measured the electri
cal resistivity r(T) of two crystals of Ce3Bi4Pt3 from the
same preparation batch for temperatures between 1.2
300 K and the results are shown in Figs. 1~a! and 1~b!.

FIG. 1. Electrical resistivity of two single crystals of Ce3Bi4Pt3.
Applied pressures for sample 1 areA51 bar,B524 kbar,C537
kbar,D564 kbar,E5117 kbar. Applied pressures for sample 2 a
A53 kbar,B522 kbar,C536 kbar,D560 kbar,E5117 kbar, and
F5145 kbar.
7533 © 1997 The American Physical Society
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Qualitatively, both samples show the previously repor
behavior5 for ambient pressure Ce3Bi4Pt3, namely, thatr(T)
initially decreases as the temperature is reduced from ro
temperature, reaches a minimum value near 70 K, and m
tonically increases with further reduction in temperatu
With increased pressure, the overall strength of this temp
ture dependence is moderated and a low-temperature pla
in r(T) is observed. In both samples, the low-temperat
resistivity is rapidly suppressed with pressure, although
effect of pressure is minimal above'100 kbar in sample 1
and 120 kbar in sample 2. At each pressurer(T) continues
to increase as the temperature is reduced, signalling
Ce3Bi4Pt3 is always insulating. In sample 2, we observ
sharp drops in the resistivity at low temperature, sugges
of filamentary superconductivity. The pressure-depend
temperature at which we observed the resistivity drop ag
very closely to the complicated pressure-critical tempera
phase diagram of superconducting Bi.12 We conclude that Bi
flux remains in this sample, perhaps at the grain bounda
but amounting to no more than a few weight percent.
sign of excess Bi was observed in sample 1.

The electrical resistivity of sample 1 is presented in
double logarithmic plot of Fig. 2 to highlight the remarkab
changes in the low-temperature transport observed u
pressure. At each pressure, a characteristic temperature
be identified that marks the crossover from the hig
temperaturer(T), which we will argue arises from excita
tions across the electronic gap, to the low-temperature re
tivity, which is mediated by extrinsic gap states. We w
analyze the electrical resistivity in these two regimes in tu

We begin by examining the high-temperature regim
where the transport is dominated by excitations across
gap. To establish this, we have plotted the temperat
dependent resistivityr(T) in an activation plot, Fig. 3. At
high pressures, an extensive linear regime is found, and
activation gapD can be readily identified, increasing wit
increasing pressure. At low pressures, the analysis is m
complicated, as the range of temperatures sandwiched

FIG. 2. Double logarithmic plot ofr(T) of sample 2. Applied
pressures areA53 kbar, B522 kbar,C536 kbar,D560 kbar,
E5117 kbar, andF5145 kbar.
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tween the low-temperature transport regime and the co
tion for activated resistivity, thatT,D, becomes more lim-
ited. Using resistivity and thermopower measureme
analyzed using degenerate semiconductor statistics, Hun
et al. showed5 that at ambient pressureD increases with de-
creasing temperature and consequently that the ambient
sure resistivity is not simply activated, in agreement w
theoretical predictions.3 Above approximately 30 kbar, the
analysis is simpler, as a clear range of temperatures ca
identified in Fig. 3 for which activated resistivity is observe
We report the pressure dependence of the correspon
temperature-independent gap in Fig. 4, for two differe
crystals of Ce3Bi4Pt3. For both samples, the gap is found
increase dramatically with pressure. In sample 2, 145 kba
sufficient pressure to raise the gap from its ambient pres
value of 50 K more than a full order of magnitude to 560
The gap in sample 1 is no less pressure dependent, bu
overall scale for the gap is somewhat reduced, relative
sample 2. We note that our measurements of the pres

FIG. 3. Activation plot ofr(T) of sample 1. Applied pressure
areA51 bar,B524 kbar,C537 kbar,D564 kbar,E5117 kbar.

FIG. 4. Pressure dependence of the activation gapD for sample
1 ~filled circles! and sample 2~open circles!. The asterisks represen
D(P) from Ref. 13.
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55 7535HIGH PRESSURES AND THE KONDO GAP IN Ce3Bi4Pt3
dependence ofD are in qualitative agreement with a previo
resistivity study at pressures below 15 kbar,13 whose results
are reproduced in Fig. 4. A comparison of the three sam
represented in Fig. 4 suggests that there is consider
sample dependence not only in the magnitude of the act
tion gap, but also in its pressure dependence. A poss
explanation is that impurities or defects provide a posit
chemical pressure in samples like sample 1, and that
chemical pressure adds to the applied pressure in its effec
the electronic structure.

Turning now to the low-temperature transport, we ha
plotted the logarithm of the electrical resistivity as a functi
of T1/4 in Fig. 5 to demonstrate that the transport
this temperature range is by three-dimensional varia
range hopping, which is characterized byr(T)
5r0exp[(T0/T)

1/4]. As is clear from Fig. 5, it is not possible
to make this claim below'30 kbar in either sample over
meaningfully large range of temperatures. However, at
kbar, variable range hopping dominates the transpor
sample 2 between 40 and 1 K. Attempts to describe the
using power laws, or modifications of variable range hopp
including interactions or limited dimensionality were un
formly less successful than the analysis presented here.

THE ORIGIN OF D AND ITS PRESSURE DEPENDENCE

The electronic structure of Kondo insulators, of whi
Ce3Bi4Pt3 at ambient pressure is taken to be the archty
arises from the hybridization of a regular lattice off -electron
moments coupled to the conduction electrons.2–4 If there is
one conduction electron perf -moment, the hybridized ban
structure is half-filled and the material, like Ce3Bi4Pt3, is
insulating. The gapD reflects the energetics of individua
compensatedf -moments, and in the limit of weak hybridiza
tion is approximated by the Kondo temperatureTK . How-
ever, a more general expression forD, the fundamental en
ergy scale for Ce moments, has been obtained fromN
expansions, valid for arbitrarily strong charge and s
fluctuations,10

e f2D52Nn~EF!V2ln@~D1D!/D#. ~1!

FIG. 5. Demonstration of a variable range-hopping contribut
to r(T) in sample 1 at low temperatures and high pressures.A543
kbar,B550 kbar,C564 kbar,D5117 kbar.
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The parameters in this expression are those of the Ande
impurity model. By analyzing the specific heat, magne
susceptibility, and transport properties of Ce3Bi4Pt3,
Sanchez-Castro, Bedell, and Cooper14 deduced ambient pres
sure values of the model parameters of the conduction e
tron density of statesN(EF)51.02/ eV andD52 eV. Al-
though this analysis suggests that thef -electron energye f is
0.2 eV below the chemical potential, photoemission m
surements on similar Ce3Bi4Pt3 samples15 indicate that
e f52.08 eV, similar to values found in a wide variety of C
intermetallics. We take the ground-state Ce ion degener
N to be 2. If we make the well-established assumption for
compounds that the primary effect of pressure is to incre
the hybridizationV, while leaving the other parameters e
sentially unaffected,16 then we can use our measurements
the pressure dependence ofD to determine the magnitude o
the variation of V in our experiment. Note that the
conduction-electron–local-moment hybridizationV50.425
eV required to reproduce the measured ambient pressure
D is almost four times larger than that suggested by Sanc
Castro, Bedell, and Cooper,V50.112 eV.

The Kondo temperatureTK and the gapD are plotted as
functions ofV in Fig 6. Values of the gap observed in ou
experiments on sample 2 are also plotted, indicating t
there is approximately a 30% increase in hybridization o
the pressure range studied in our experiment. Only at
largest values ofV is it possible to discern a difference be
tweenTK(V) andD(V), suggesting that the role of charg
fluctuations is minimal in determining the energetics
Ce3Bi4Pt3, even at the highest pressures. Knowing the pr
sure dependence ofV, we can deduce the pressure-induc
change in the Ce valence by comparing the pressure de
dences of the charge energy scaleNV2/D and the spin en-
ergy scaleTK . The deviation from integralf -site occupancy
nf satisfies

17

nf5Nr0V
2/~D1Nr0V

2!. ~2!

n FIG. 6. ~a! A comparison of the Kondo temperatureTK ~dashed
line! and the gapD ~solid line! for the Ce impurity Anderson mode
as a function of the 4f -electron/conduction-electron hybridization
Filled circles are values of the gapD measured for sample 2 as
function of pressure.~b! The estimated increase in the Ce valence
Ce3Bi4Pt3 for the pressure-dependent hybridization deduced fr
the measuredD(P).
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The computed Ce valence is plotted in Fig. 6 for the valu
of V implied by our measuredD(P). The application of 145
kbar raises the Ce valence from its ambient pressure valu
3.01–3.08. Core-level spectroscopy measurements8 find the
ambient pressure Ce valence to be 3.1. In lieu of deta
spectroscopic determination of the model parameters,
not possible at this point to determine whether the differe
between the calculated and measured Ce valence reflect
fundamental limitation to applying the Anderson impuri
model to understanding the energetics of Ce3Bi4Pt3. Our re-
sults indicate that the strong pressure dependence of the
in Ce3Bi4Pt3 is wholly consistent with the strong hybridiza
tion dependence of the Ce ion Kondo temperature, and
the pressure range studied here, the gap excitations a
primarily the conduction electron spin, but not the Ce i
valence.

LOW-TEMPERATURE TRANSPORT
AND THE IN-GAP STATES

Our analysis of the pressure dependence of the ga
Ce3Bi4Pt3 is consistent with the view that the gap increas
due to increased hybridization between thef -electron and
conduction-electron states. The effect that the modifed e
tronic environment has on the transport properties of in-
states is a sensitive probe of the nature and origin of th
states. As depicted in Fig. 5, the low-temperature transpo
dominated by the variable range-hopping mechanism, im
ing that transport involves direct overlap of the gap-st
wave functions, not requiring excursions by the carriers i
the conduction band. The characteristic length scale for
gap states, the localization lengthjloc , can be found by not-
ing that18

r~T!5r0exp~T0 /T!1/4 with kBT051.5/N~EF!j loc
3 .

~3!

The pressure dependence ofT0 is plotted in Fig. 7.T0 is
larger and more pressure dependent in sample 1. Despit
difference in magnitude ofT0 between the two samples, th
characteristic length scalejloc associated with the in-ga
states has a maximum in both samples in our experime

FIG. 7. The pressure dependence of the variable range-hop
parameterT0 for sample 1~filled circles! and sample 2~open
circles!.
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pressure range. This trend is mirrored by the pressure de
dence of the extrapolated zero-temperature resistivityr0,
plotted in Fig. 8. For both samples,r0 decreases with pres
sure, having very similar values below;60–70 kbar. While
r0 approaches a constant, high-pressure value in sample
increases in sample 1 at high pressure. It has b
suggested19 that the extrapolated residual resistivity is a se
sitive probe of sample quality in related compounds li
SmB0. Figure 8 shows that this is not the case for Ce3Bi4Pt3,
in which the sample dependence ofr0 is relatively minor.
Over the entire experimental pressure range,r0 in both
Ce3Bi4Pt3 samples is orders of magnitude smaller than
maximum metallic resistivity, seemingly ruling out substa
tial many-body character for the gap states.20

The pressure dependences of the variable range-hop
parametersT0 and r0 argue that the gap states are initial
delocalized by pressure, but are ultimately localized at
highest pressures. We can understand this result in a
general way if the gap states derive a substantial part of t
spatial extent from hybridization with conduction-electro
states. While pressure can be expected to increase the s
overlap of the local in-gap states and the itinerant conduc
electrons, at the same time pressure quickly increases
energy separation of the two types of states, approximate
D. We suggest that at low pressures, the overlap betw
in-gap states, evidenced by the enhancedT0 , is driven by
their increased conduction-electron character, much as
curs in Si:P under uniaxial stress.21 This trend is reversed a
high pressures, where the gap states act much as cha
impurities in simple semiconductors. Here, enhancing
gap increases the dielectric constant and thus the spatia
calization of the gap states. Sincejloc depends not only on
the pressure-dependent spatial extent of the gap-state w
function but also on the pressure-independentconcentration
of the gap states we can formulate an explanation for
sample dependence apparent in Fig. 7. For a given valu
the gapD, a sample with a lower concentration of gap sta
would be expected to have a smaller carrier localizat
lengthjloc . For this reason, Fig. 9, which compares the pr
sure evolution ofjloc in our two samples suggests th

ng FIG. 8. The pressure dependence of the extrapolated z
temperature resistivityr0 for sample 1~filled circles! and sample 2
~open circles!.
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sample 2 has a lower concentration of gap states, and
sumably a lower concentration of defects and impuriti
than sample 1.

Several proposals have been made regarding the orig
in-gap states in mixed valence and Kondo gap insulat
Recently, we have argued that the in-gap states in pres
ized SmB0 are precursors of the high-pressure, ungap
metal.22 We can rule this possibility out in Ce3Bi4Pt3, as
pressure increases the gap, ostensibly driving this sys
away from metallicity. Our high-pressure studies emphas
the importance of coupling between the in-gap and gap-e
states. If the defect has a magnetic moment, one approa23

is to assume that the origin of the gap is independent of
coupling between the magnetic impurity and the conduct
electron, which has its own scale,TK . That is, the magnetic
moment is partially compensated by a Kondo effect, wh
differs from that in a metal due to the presence of a gap
the conduction-electron density of states. All properties
pend onD/TK , which can either increase or decrease w
pressure, depending on the exact symmetries of the mag
moments and the rate at which pressure enhancesD.

Another type of gap state, more specific to Kondo insu
tors, is the Kondo hole.24 Here, the mixed conduction

FIG. 9. The evolution of the electron localization leng
j0}T 0

1/3 as a function of activation gapD for sample 1~filled
circles! and sample 2~open circles!. The implicit variable is pres-
sure, which varies between 1 bar and 117 kbar for sample 1, a
kbar and 145 kbar for sample 2.
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electron–f-electron character of the gap-edge states cau
the formation of a localized state with magnetic characte
the site of a nonmagnetic impurity. Doping studies provi
evidence that Ce32xLaxBi4Pt3 may host such Kondo hole
states.5 While there is not a specific theoretical prediction f
the effect of pressure on the transport properties of a Ko
hole, it is reasonable to expect that the spatial extent of
state should qualitatively follow that of the Kondo effe
itself. Namely, pressure enhances long-range hybridiza
interactions, broadening and delocalizing the gap-e
states. However, at the same time, the pressure-induce
crease of the gap seeks to localize all gap states, inclu
the Kondo hole, and eventually is the dominant effect
sufficiently high pressure. Since the concentration of tra
defect states is too low to determine their magnetic charac
we have at present no means of distinguishing between t
two possible descriptions of the in-gap states in Ce3Bi4Pt3.

In summary, our measurements of the high-pressure re
tivity of Ce3Bi4Pt3 have revealed that there are two differe
transport mechanisms present, with gap excitations domi
ing the high-temperature transport and gap-state trans
dominating the low-temperature transport. Pressure incre
the electronic gap, and we find that the association ofD with
the Ce Kondo temperature is robust, even for a more t
tenfold increase in the gap magnitude. Unlike other sm
gap systems in this family of materials, proximity to valen
instability does not seem to be critical to the formation of t
correlation gap in Ce3Bi4Pt3. The low-temperature transpo
reveals the presence of extrinsic states in the gap. The sp
extent of the in-gap states arises from their coupling to
tended, gap-edge states, a coupling that is strongly affe
by pressure tuning of the gap. A more detailed examinat
of the magnetic properties of these in-gap states would
very useful for clarifying the extent to which their energeti
are coupled to that of undoped Ce3Bi4Pt3.
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