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Hybridization gap in Ce3Bi4Pt3

1 OCTOBER 1990

M. F. Hundley, P. C. Canfield, J. D. Thompson, and Z. Fisk
Los A/amos Xationa/ Laboratory, Los A/amos, Xe~ Mexico 87545

J. M. Lawrence
Physics Department, University of California at Irvine, Irvine, California 92717

(Received 11 June 1990)

We present resistivity p(T), susceptibility Z(T), and specific heat C(T) data for CeiBi4Pti.
The susceptibility exhibits a broad maximum centered near 80 K, typical of a somewhat-heavy-

electron compound; were the material metallic, a linear coefficient of specific heat y 75
mJ/molCeK would be expected. However, the compound is not metallic, as indicated by its

resistivity which rises to large values at low temperatures and exhibits activated behavior with an

activation energy tt/ktt 35 K. By analogy to SmB6 and YbB|p this energy gap arises from 4f-
electron-conduction-electron hybridization. Due to the gap, electronic excitations are suppressed
at low temperatures and the specific heat is smaller than in nonmagnetic La38i4Pt3. Alloying
with lanthanum ((Cei-„La, )iBi4Pt&) decreases the resistivity and increases the specific heat to-

wards the value expected for the metallic case; i.e., for moderate alloying (x 0.07) the behavior

is that of a moderately disordered heavy-electron metal. We argue that lattice periodicity is an

essential requirement for the formation of the hybridization gap.

In heavy-fermion valence-fluctuation compounds, the
high-temperature state is believed to consist of a lattice of
uncorrelated 4f ions, each independently scattering con-
duction electrons by the Kondo mechanism. At low tem-
peratures correlations exist, and one of two types of
coherent ground state can occur. In the vast majority of
cases the ground state is metallic (paramagnetic, antifer-
romagnetic, or superconducting) but in a very limited
number of cases [Sm86, ' YbBtt, CeFe4Pi2 (Ref. 5)]
the ground state is insulating with a small energy gap.
This gap is believed to arise in a lattice of Kondo impuri-
ties from hybridization of the 4f and conduction electrons,
and hence is called a hybridization gap. We have dis-
covered another rare-earth compound, Ce3Bi4Pt3, which
exhibits such small-gap behavior. Here we report thermo-
dynamic behavior and demonstrate the relation of the gap
energy to other energy scales (such as the single-ion Kon-
do temperature). Moderate alloying with lanthanum,
which disrupts the lattice periodicity, suppresses the gap
and leads to behavior typical of a somewhat-disordered
heavy-fermion metal. We compare the thermodynamic
behavior to that of other small-gap compounds.

Single crystals of CeqBi4Ptq of typical dimension 1 x 1

x 5 mm were grown out of a Bi flux. The samples have
cubic (I43d) symmetry, a structure closely related to the
ThiP4 type, with lattice constant ao=9.998 ~0.005 A.
Lanthanum analogs and La-substituted samples were
prepared similarly. Susceptibility was measured using a
superconducting-quantum-interference-device (SQUID)
magnetometer; resistivity utilized a standard four-probe
ac technique; specific heat was measured by a time-
constant technique.

The magnetic susceptibility of Ce3Bi4Pt3 is shown in

Fig. 1 and is compared to that of La38i4pt3. The suscepti-
bility is typical of a somewhat-heavy-electron cerium
valence-Auctuation compound: at high temperature it has

Curie-Weiss behavior (C/T+8, where C is nearly the
J 2 free-ion value and 8=125 K), it has a broad max-
imum centered at T,„80 K and a finite value C/
g(0) 320 K as T 0. (The Curie "tail" is probably ex-
trinsic as it is somewhat sample dependent. ) The behavior
is similar to that of CeSn3 where T,„=140 K. In
valence-fluctuation compounds the parameters T,„, 8,
and C/g(0) vary proportionally to each other. Compar-
ison of Ce38i4Pt3 to the case of CeSn3 where T,„=140
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FIG. 1. The susceptibility measured in a 0.1 T field of
CeiBiqPti (solid curve) compared to that of LaiBi4Pti (dotted
line) and (Cei- La )iBi4Ptq (dashed line) for x=0.07. The
vertical axis is normalized per mole of Ce for x =0 and 0.07 and

per mole of La for x=1.0. Data for x =0.035 (not shown) fall
intermediate to x 0 and x 0.07. The susceptibility of
Ce38i4Pt3 is typical of valence fluctuation compounds. As ex-
pected from its cubic symmetry, the magnitude, and tempera-
ture dependence of g for Ce38i4Pt3 was unchanged for fields ap-
plied along different crystallographic orientations.
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FIG. 2. (a) Specific heat per formula unit mole divided by

temperature C/T for CeqBi4Ptq and LaqBi4Ptq for T below 7 K.
The linear term is very small for Ce3Bi4pt3, consistent with
nonmetallic behavior. (b) C/T per formula unit mole for
(Cei — La, )&Bi4Pt&. On alloying an enhanced coefficient of
specific heat occurs, as expected for disordered metallic behav-
ior.

K, 8=220 K, and C/g(0) =475 K shows that both have
similar ratios of T,„:8:C/g(0). Such scaling laws are
predicted by Kondo-ion theories such as Bethe-ansatz cal-
culations, which also give the relation between T,„and
the linear coefficient of specific heat y for various orbital
degeneracies. On the basis of Bethe-ansatz theory, we
would expect y to be 75 m J/mol Ce K for metallic
Ce3Bi4Pt3. Because y scales inversely with T,„, we also
could use the observed values of y and Tm,„(50
mJ/molCeK and 140 K) for CeSn3 (Ref. 8) to arrive at
a similar estimate.

Figure 2(a) compares C/T for Ce3Bi4Pt3 with that of
the nonmagnetic analog La3Bi4Pt3. Instead of the
moderately large y expected from Bethe-ansatz analysis
of the susceptibility, we find that y for Ce3Bi4Pt3 is only
3.3 mJ/molCeK, a value even smaller than that of
La3Bi4Pt3 (y=10 mJ/molLaK ). Not only is y of
Ce3Bi4Pt3 small, but as will be argued, we believe that this
small y is not intrinsic and that in the absence of extrinsic
contributions it should be zero.

The notable absence of an appreciable electronic contri-
bution to the specific heat arises because Ce3Bi4Pt3 is
nonmetallic at low temperatures, as shown in Fig. 3(a).
Above -100 K, p(T) cc exp(A/kq T) with activation ener-

gy 6/k// =35 K or 6=3 meV. In this temperature range
k//T exceeds 5 so that the apparent value of 6/kq cannot
be taken at face value. However, we note that analysis of
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FIG. 3. (a) The logarithm of the resistivity of Ce&Bi4Pt3 vs

temperature T and inverse temperature 1000/T. The dashed
line represents activated behavior with activation energy
/t/ka 35 K derived from a fit to T & 50 K data. (b) Resistivity
vs temperature for (Cei-„La, )3Bi4Pt3 for several values of x
given in the figure. The resistivity for x 0.07 is typical of a
moderately disordered valence-fluctuation metal.

the temperature-dependent Seebeck and Hall coeffi-
cients' implies a similar value for 6/kq and that p(T) in-
creases sharply below -50 K, and exceeds at lower tem-
perature any reasonable upper limit (due to scattering)
for a metal. Clearly, a gap on the order of 35 K develops
in Ce38i4Pt3 and we adopt this value for discussion pur-
poses. Below about 30-50 K the activated resistivity
tends towards saturation and the Hall constant also devi-
ates from its activated behavior. The low-temperature
transport behavior, we believe, is dominated by extrinsic
effects.

There are thus two intrinsic energy scales —the high-
temperature single-ion Kondo temperature and the activa-
tion energy. The definition of the former is somewhat
theory dependent; in Bethe-ansatz theory it would be
4T,„or about 320 K for Ce3Bi4Pt3. The gap tempera-
ture is Ts,p=n/k/i =35 K. The extrinsic effects set in
when the temperature satisfies T Tg p.

Because the ground state is not metallic, the electronic
contribution to the specific heat should vanish at tempera-
tures smaller than Tg p. This explains why the specific
heat of Ce3Bi4Pt3 is even smaller than that of La3Bi4Pt3.
For T & 20 K the specific heat is essentially dominated by
lattice effects (we estimate the Debye temperature of
Ce3Bi4Pt3 to be —170 K); the small linear term is sample
dependent, ranging from (3-5 mJ/mol CeK ), and we
believe it arises from the same extrinsic cause as the low-
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temperature deviations in the transport behavior and the
Curie tail in susceptibility.

Alloying with lanthanum ((Ce& —„La„)3Bi4Pt3) dis-
rupts the lattice periodicity of magnetic Ce ions but
causes very little change in the susceptibility, as shown in

Fig. 1. In contrast, the specific heat increases dramatical-
ly with La substitution and for x =0.07 the linear
specific-heat coefficient has increased to y =45 m J/
molCeK [see Fig. 2(b)l. Accompanying the change in
C/T [Fig. 3(b)], the resistivity also decreases dramatical-
ly. At x 0.07 the resistivity is similar to the resistivity of
Ce~-„La„P13 for x 0.07 in overall shape and magni-
tude. " The observed value of y is also a significant frac-
tion of the value expected for a metallic Ce compound
with T,„80K. Thus, modest alloying destroys the ac-
tivated behavior and instead gives behavior typical of a
metallic valence-fluctuation compound with a similar de-
gree of disorder.

Together, these substitutional studies indicate the na-
ture of the small gap in pure Ce3Bi4Pt3. Aside from the
very weak, monotonic depression of T,„with La substi-
tution, the overall temperature dependence of g is virtual-
ly unchanged, indicating at most a minor decrease in the
characteristic high-temperature energy scale. This is un-
derstood straightforwardly since the Bethe ansatz, from
which scaling laws for T,„,8, and C/g(0) derive, is sim-

ply a single-ion theory, i.e., conclusions from it are in-
dependent of lattice periodicity. Consequently, small sub-
stitutions for Ce should not affect the susceptibility pro-
vided the ground-state degeneracy is not lifted, as appears
to be the case. At the same time, Bethe ansatz predicts
that y also should not change for the same reason. How-
ever, it does and the change is accompanied by suppres-
sion of the energy gap. The drastic decrease in p(T)
clearly is not a simple impurity, i.e., single-ion, effect but
results from the disruption of translational invariance of
the Ce sublattice. Similar "coherence" effects that arise
from interactions among periodically placed Kondo im-
purities are found in metallic mixed-valence and heavy-
electron systems where even minor lattice-symmetry
breaking leads to large changes in low-temperature resis-
tivity (in these cases to an increase in the resistivity);
Ce~ -„La,Pd3 mentioned above is a prime example. This
argument leads directly to the conclusion that the gap in

Ce3Bi4Pt3 is made possible by the same requirement of
lattice periodicity necessary for coherence in metallic sys-
tems. That the Bethe-ansatz estimate for y is essentially
recovered for 7% La substitution indicates that y is essen-
tially a single-ion eff'ect, once the gap in the density of
states is suppressed.

Anderson ' has suggested that the temperature scale
T«q on which coherence develops differs from the single-
ion scale by a factor of N =2J+1, where J is the orbital
degeneracy. More recent theories' based on I/N expan-
sions support this idea. We have estimated the single-ion
scale to be crudely 4T~,„ from Bethe ansatz. Taking
J 2 for Ce + gives T„q 50 K, which, perhaps fortui-
tously, is rather close to the estimate for d/k8 =35 K.
Taking this agreement at face value supports the argu-

ment for the importance of coherence effects in the ap-
pearance of a hybridization gap in Ce3Bi4Pt3.

Some evidence supporting this argument is found in

YbB~2, which has physical characteristics very similar to
Ce3Bi4Pt3. For both compounds, the resistivity is activat-
ed with an activation energy of -3 meV, the susceptibil-
ity maximum occurs at 75 K, and the Hall constant exhib-
its activated behavior. The specific heat is small at low
temperatures and modest alloying (x =0.07 for
(Ce~-„La, )3Bi4Pt3 or for Yb~ —„Lu,B~2) increases y to
-50 m J/mol R K, where R represents the rare-earth ele-
ment. Because J —', for Yb +, the estimate for T„q
=38 K is somewhat smaller than in Ce3Bi4Pt3 but still
close to 6/kq.

Finally, there is CeFe4P~2, which has a low-temperature
susceptibility at least ten times smaller than that of
Ce3Bi4Pt3 but has an activation energy 6/k8=-1500 K
that is much larger. Because the single-ion temperature
is proportional to the inverse of the 4f contribution to
g(0), this comparison suggests that 5/k8 increases as the
single-ion temperature increases. This is precisely the be-
havior expected from the relationship 4/k8 ~ T„q
~4T .„/(2J+ I ).

A possible alternative to this interpretation is that a me-
tallic impurity band forms with La substitution and that it
is responsible for suppressing p(T) at low temperatures.
Analysis of the transport properties of La- and Yb-
substituted SmBs has invoked such an interpretation. '

However, it is difficult to understand how such a large y
could develop in this band, given the small number of car-
riers implied by the small La substitutions in Ce3Bi4Pt3.
Further, it would seem quite fortuitous that a two-band
model would give a similar relationship between 5/k8 and
T,„ in the three rather-electronically-disparate systems
discussed above; whereas, coherence effects predict this
relationship explicitly.

In summary, Ce3Bi4Pt3 is one of the few examples of a
Ce-based intermetallic with a hybridization gap. We ar-
gue that lattice periodicity is an essential requirement for
the formation of this gap, and that once it is suppressed,
single-ion effects dominate both the magnetic susceptibili-
ty and electronic specific heat, as is expected from a
Bethe-ansatz theory of a lattice of noninteracting Kondo
impurities. Moreover, we tentatively identify the gap with
the development of coherence resulting from interactions
among the periodically placed Kondo impurities. Why a
hybridization gap at the Fermi energy should appear in so
few compounds remains unanswered but may be related to
the cubic structure common to known examples. Further
insight into the microscopic interactions responsible for
the gap may be found in NMR, neutron-scattering, and
high-pressure experiments. Optical or tunneling spectros-
copy should determine the gap directly and its change
with Ce substitutions.

We thank W. P. Beyermann for interesting discussions.
Work at Los Alamos was performed under the auspices of
the U.S. Department of Energy, Office of Basic Energy
Sciences, Division of Materials Science.
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