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The pressure dependence of the static magnetic susceptibility y( T) of the heavy-electron superconduc-
tor UBe» was investigated over temperatures ranging from 1.5 to 300 K and at pressures from 1 bar to 8
kbar. It is linear in pressure over the full temperature range, having a small constant pressure depen-
dence at higher temperatures that increases rapidly below about T=150 K. The maximal value of the
relative susceptibility change [1/y(dy/dP)] is about 1% per kbar. The Curie-Weiss law is obeyed in the
temperature range 100 to 300 K with the effective magnetic moment p,&=3.46pz independent of pres-
sure, while the paramagnetic Curie temperature 8- —100 K becomes more negative with pressure. The
lattice parameter of cubic UBe&3 was measured as a function of pressure, permitting a determination of a
compressibility value of —9.2 X 10 kbar ' near ambient pressure. The pressure dependence of g( T) is
significantly weaker than that of the specific-heat coefficient C(T)/T; we discuss whether this can be
resolved by (i) consideration of intersite antiferromagnetic interactions, or (ii) the quadrupolar Kondo-
effect model, and conclude that the latter provides a stronger explanation of the results.

I. INTRODUCTION

UBe, 3 has received considerable attention as a heavy-
fermion superconductor, particularly because it has the
highest crystalline symmetry (cubic), which makes it ideal
to test whether the superconducting states are intrinsical-
ly anisotropic. Of course, a prerequisite to a complete
understanding of the unusual superconducting properties
requires an understanding of the normal state. The nor-
mal state of UBe, 3 is quite unusual, and studies of proper-
ties under applied pressure have underscored its anoma-
lous character.

In this paper, we present measurements of the
pressure-dependent magnetic susceptibility of UBe$3
which may shed further light on the anomalous character
of this material. For example, measurement of the low-
temperature electronic-specific-heat coefficient C,j /T has
given a Kondo scale Ttc (or degeneracy temperature) of
the order of 6 K. In contrast, the high-temperature sus-
ceptibility y( T) as measured by Troc', Trzebiatowski, and
Piprek possesses a Curie-Weiss (CW) law with Curie con-
stant p,&=3.4 p~ and 0= —70 K. Since typically one
has the Curie-Weiss 0 for a Kondo system of the order of
&2T&, this is clearly an order of magnitude difference in
scales. Indeed, the general behavior observed for UBe&3,
and some of the other heavy-electron systems like CeA13
(Ref. 4) and CeCu2Si2 (Ref. 5) is somewhat different than
most of the "valence Iluctuation" (or possibly high Ttr )

systems such as CeSn3 or YbCuA1 (Refs. 6 and 7) where

high-temperature CW behavior gives way to
temperature-independent Pauli-like g behavior be low
some characteristic temperature. The y(T) data of UBe/3
are seen to have CW-type behavior at high temperatures
which becomes more complicated below about 100 K.
Indeed, the temperature dependence of g( T) remains pro-
nounced down to at least 1.5 K, and, in fact, dg/dT in-
creases monotonically with decreasing temperature.

Pressure studies have also proven to be quite useful
probes of the heavy-fermion state. For many enhanced
mass materials with larger degeneracy temperatures than
the 6 K of UBe&3, one-parameter scaling in the resistivity,
susceptibility, and specific heat has been observed under
applied pressure. These observations are consistent with
the results of Kondo-Anderson impurity and lattice
theories which suggest that above any cooperative phase
transitions, the Kondo temperature Tz should be the
only relevant temperature scale in the problem.

UBe&3 is rather diA'erent in this regard. The electronic
specific-heat coefficient C,&/T undergoes a large depres-
sion with applied pressure, concomitant with a shifting
of the resistivity shoulder to higher temperatures, the
opening of a T term in the resistivity over a temperature
range that broadens from essentially zero at zero pressure
to —11 K at 150 kbar. These data in themselves resem-
ble the work on other heavy-fermion materials. Howev-
er, the one-parameter scaling does not work. Unlike the
other systems studied, the residual resistivity of UBe&3 di-
minishes with increasing pressure. " As we shall
brieAy discuss in the interpretation section, this is incom-
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patible with any simple Kondo lattice picture. In addi-
tion, the results of this study show that the susceptibility
has a very different pressure dependence than the specific
heat. Taken together with the very different energy scale
that appears in the high-temperature susceptibility from
the specific heat, this provides strong empirical evidence
against single-parameter scaling in this model. Namely,
the energy scale of the susceptibility is different than that
of the specific heat. There are two leading explanations
for this result. (i) The susceptibility is dominated by
strong antiferromagnetic correlations while the specific
heat is dominated by the Kondo effect, which is compati-
ble with a mean-field theory of the antiferromagnetic
correlations. This picture could apply if the U ions had a
nominal magnetic doublet ground state. (ii) The suscepti-
bility has an entirely different physical origin (through in-
tercrystal field excitation or van Vleck processes) than the
specific heat. This picture is precisely what follows from
the proposed quadrupolar Kondo theory of UBe» in
which the ground doublet is nonmagnetic in character. '

We shall argue that the evidence at hand favors the latter
scenario.

An outline of the paper is as follows: in the Sec. II we
will give the experimental details for our work, and in
Sec. III present the data. In Sec. IV, we wiH discuss the
possible scenarios for understanding our data and make
connection to previous experimental and theoretical
work. In Sec. V we will conclude and suggest new direc-
tions for research.

II. EXPERIMENT

The polycrystalline UBe» sample was cut from the
same ingot from which samples used in our previous in-
vestigations were taken. ' The UBe» ingot was prepared
by arc melting high-purity elements (99.97% U, 99.9%
Be) together on a water-cooled copper hearth in a Zr get-
tered Ar atmosphere in a manner previously described. '

The sample quality is rejected in its high superconduct-
ing transition temperature T, -0.905 K and very sharp
inductive transition width AT, =0.030 K.

Magnetic-susceptibility measurements under pressure
were made in a miniature self-clamping BeCu pressure
cell. ' The sample consisted of several disks with a total
mass of 100 mg and the pressure clamp with a mass of
about 45 g. The BeCu used in the pressure clamp was a
custom-made alloy of 2% Be in Cu which was heat treat-
ed according to a procedure previously reported. ' This
binary alloy has a yield strength of about 12 kbar, consid-
erably lower than the 25 kbar normal for the Co contain-
ing Berylco-25 alloy popularly used in pressure cell con-
struction. Although the pressure range is more limited
for the binary alloy, the complete temperature range of
the magnetometer is available as a result of the reduction
in paramagnetic and ferromagnetic background contribu-
tions. In order to further minimize background correc-
tions, the diamagnetic susceptibility of the clamp was
offset with foil of the temperature-independent paramag-
net Pt. Pt was chosen to replace the Ta foil previously
used because the superconducting transition of Ta ob-
scures the observation of the manometer T, .

III. RESULTS

Shown in Fig. 1 is a plot of the unit cell volume as a
function of pressure. From the initial slope dV/dP a
compressibility value

= —9.2 X 10 kbar
V,aP

1085

1070

O

O

1055

1040—
0 15 30

PRESSURE (kbar)
45

FIG. 1. Volume of the UBe» unit cell as a function of pres-
sure.

Pressures were inferred from ac-susceptibility measure-
ments of the T, of a 1 mg Sn foil manometer contained in
the TeAon sample capsule. The pressure media was 1:1
isoamyl:n-pentane solution. Magnetic susceptibility mea-
surements were made in a Faraday balance magnetome-
ter consisting of a balance with 0.001 mg resolution and a
cryostat fitted with +5 T superconducting solenoid and
+200 G/cm superconducting gradient coils. Tempera-
ture stability of +0.05K was maintained during measure-
ment.

It should be pointed out that for most quasihydrostatic
pressure cells there are significant changes in the applied
pressure as the temperature is changed from 300 to 1.5
K.' These changes result primarily from differences in
thermal contraction of the materials used in the construc-
tion of the pressure cell. ' The pressures reported here
are the pressures inferred from the known pressure
dependence of the Sn manometer at temperatures below 4
K.' ' The pressures retained at 4 K were about —,

' of
that calculated from the applied load at room tempera-
ture.

In order to determine the unit cell volume and check
for structural transitions, pressure-dependent x-ray-
diffraction measurements were made at room tempera-
ture using a single crystal of UBe» for pressures ranging
from 1 to 50 kbar. The sample was mounted in a
Merrill-Bassett —type diamond anvil pressure cell fitted
with Be supports for the diamonds. The pressure media
was a 1:1 methanol:ethanol solution and the pressure was
determined from the Auorescence of ruby powder con-
tained in the sample space. The pressure was checked
both before and after x-ray measurements. Single-crystal
x-ray-diffraction measurements were made on a four-
circle diffractometer.
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where Vo is the initial volume, can be determined. Mea-
surements with larger pressure spacings at pressures to
450 kbar were made by Benedict et al. '

Measurements of y(T) between 1.5 and 300 K were
made at five different pressures ranging from ambient
pressure to 8 kbar. The curves of y(T), for temperatures
between 1.5 and 300 K, are plotted in Fig. 2(a) where it
can be seen that the general shape of curves are essential-
ly unchanged with pressure. The small relative effect is
evident from Fig. 2(a) where it can be seen that the mag-
nitude of the pressure dependent depression of g de-
creases monotonically with increasing temperature, with

g appearing nearly pressure independent at high temper-
atures T » 0 where 0 is the Curie-Weiss temperature.
In Fig. 2(b) are plots of 1/y versus T at 1 bar and 8 kbar
where it can be seen that there is a significant range over
which CW-type behavior appears to exist, although in
previous y( T) measurements to much higher tempera-
tures there were some deviations observed up to about
300 K.' In Fig. 3 are values of CW 0 determined from
linear fits to g ' from 100 to 300 K. These fits yield a
constant value for the effective moment p,~ of 3.46 pz
over the range of pressures studied. This result is not
unexpected since at higher temperatures the moments
have atomic characteristics and as long as the crystal-
field levels do not cross, the magnitude of the moment
should remain nearly constant. The plot of the CW 0
versus P, shown in Fig. 3 has a slope of 0.6 K/kbar.

16

UBe„

-90

-100—
I ~

CD

-105—

-110
2 3 4

P (kbar)

FIG. 3. The Curie-Weiss 0 determined from high-
temperature exrtrapolations as a function of pressure. The line
represents a linear fit to the four points clustered around the
line', we do not understand the origin of the clearly deviated
point.

At any given temperature, y is observed to be linearly
dependent on P The s.lopes of g(P) curves, at all the
temperatures measured, are plotted in Fig. 4. The small
value of dg/dP at higher temperatures is consistent with
the existence of local moments for T»T~. Note also
that in the Curie-Weiss regime one can determine d 0 ldP
from the data plotted. Namely, assuming that only 0
changes with P one has by differentiating y the relation

dO/dP =C( —1/y )dy/dP .
E
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The relative effect of pressure is more clearly shown in
Fig. 5 in which the relative y change (hy/y) is plotted as
a function of temperature, where bg=y(P) —y(0). The
large errors, evident from around 50 to 100 K, are instru-
mental errors associated with y of the combined clamp
and sample having values near g=0. From these plots it
is possible to see that the relative effect of pressure extra-
polates to about 1% per kbar at 0 K. This effect is con-
siderably smaller than that observed for measurements of
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FIG. 2. (a) The magnetic susceptibility g of UBe» as a func-
tion of temperature y( T) at pressures of 0.001, 1.2, 2.7, 4.3, and
8.0 kbar for T from 1.5 to 300 K, and (b) inverse susceptibility
1/y( T) at pressures of 0.001 and 8.0 kbar.

0
I

50 100 150 200 250
TEMPERATURE (K)

300

FIG. 4. Slopes —dy/dI' of plots of magnetic susceptibility y
versus of pressure P as a function of temperature. A magnetic
field H = 1 T was used for all of the y data utilized in this plot.
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pressure-dependent specific heat, where a 30% decrease
in the electronic coefficient y at 9.3 kbar was observed
(i.e., 3%%uo/kbar).

IV. INTERPRETATION AND CONNECTION
WITH PREVIOUS RESULTS

A. Previous relevant data and phenomenology

Measurements of the magnetization M as a function of
magnetic field H to 5.5 T at 5 K have been shown to be
linear to within 2%. The M versus 0 measurements un-
der pressure presented here were linear over the full 5 T
field range. The observed decrease in g with pressure is
characteristic of decreasing slopes of M versus II with
pressure which is consistent with our results indicating
that T& is increasing with pressure. This result is impor-
tant, since the 6 K scale evident in C/T would suggest
for a magnetic ground state that M (H) should show cur-
vature on the 5 —6 T scale. That it does not underscores
the different energy scales present in the susceptibility
and specific-heat data.

Pressure dependence of the resistivity has yielded re-
markable results. Not only does a T region over a
finite-temperature range open up with pressure (this is
not seen at ambient pressure), but the T coefficient de-

0.01

0— 1.2 kbar

-0.03

—0.06
UBe„

—0.09 '

0
I

50 100 150 200
TEMPERATURE (K)

I

250 300

1.2 kbar

M.03
2.7 kbar

4.3 kbar

—0.06 i 8.0 kbar

UB8,3

-0.09 I

10 20 30
TEMPERATURE (K)

I

40 50

FIG. 5. Pressure-induced changes in the magnetic suscepti-
bility b,„normalized by g at P =0.001 kbar, as a function of
temperature (a) at pressures of 1.2 and 8.0 kbar over the full
temperature range, and (b) at pressures of 0.001, 1.2, 2.7, 4.3,
and 8.0 kbar at temperatures below 50 K.

creases with increasing P. " The secondary peak in the
resistivity near 8 K is suppressed with pressure. Most re-
markable is that the apparent residual resistivity of order
80—100 pQ cm at T, is rapidly suppressed with pressure.
As we shall argue, it is very difficult to reconcile this last
result with any Fermi-liquid picture of the material.

It has been argued that UBe» is simply a very strong-
coupling superconductor in which the onset of supercon-
ductivity at 0.9 K= Tg /10= Tz/10 obscures the devel-
opment of a full Fermi-liquid regime. In any convention-
al Kondo lattice theory, Fermi-liquid behavior in the
form of a T coefficient sets in at below T&/10. This ar-
gument is of course consistent with the lack of T
behavior in the resistivity at ambient pressure. However,
in order to support this contention, one would expect to
see the specific-heat coefficient C/T roll over and Ilatten
out below T„when, in fact, explicit field-dependent mea-
surements that suppress T, and entropy balance argu-
ments show that CIT continues to rise as the supercon-
ductivity is suppressed. Hence it is unlikely that one can
cleanly account for UBe» as a Fermi liquid.

It has also been argued that the magnetoresistance of
UBe» places it in the class of a standard magnetic Kondo
lattice. ' The data have been fit to a Kondo impurity
form with a temperature-dependent Kondo scale which
extrapolates to zero linearly as T—+0, in at least some of
the reported data. The magnetoresistance remains nega-
tive to the lowest temperature measured, and is almost
entirely born by the residual resistivity. In point of fact,
this is not the expected behavior for a conventional Kon-
do lattice. In a conventional Kondo lattice, the magne-
toresistance would be negative and fit by the impurity re-
sult only above T=0.15'.' Below this temperature,
the resistivity will initially rise with increasing field as the
singlets are depolarized, and then fall well above
p&II=k&Tz as the scattering is frozen out of the fully
polarized ions. Moreover, there is no residual resistivity
in the pure and conventional Kondo lattice, so that all
the field dependence is born by the coherent part of the
resistivity at low temperature. In contrast, all of the field
dependence at low T for UBe» is carried by the residual
resistivity. Hence the unusual negative magnetoresis-
tance of this material argues against a conventional mag-
netic Kondo lattice interpretation.

A separate observation is that of Fisk et al. ' who
have noted a correlation between the linear coefficient of
electronic specific heat per unit volume y„(=C, /T) and
the ground-state configuration of U-based heavy-fermion
systems. Plots of C(P)/T versus T were constructed
from the pressure-dependent specific-heat results from
which the Sommerfeld coefficient could be estimated at
T =0; with a value of y(0) =—630 mJ/mole K determined
at P =9.3 kbar. Using a value of 0.97X10 kbar ' for
the compressibility of UBe», ' y, was calculated to have
a value of 7.83 mJ/cm K at 9.3 kbar, which is almost
one-half its value at ambient pressure and is approaching
the values for y, -=5.3 mJ/cm K of the heavy-electron
magnets UCd» and UzZni7. Another observation sup-
porting an increase of the magnetic character with pres-
sure are the increases of the magnetic transition tempera-
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tures for the heavy-electron magnets UCd&& and U2Zn, 7

and for the magnetic transition temperatures of the
heavy-fermion superconductors URu&Si2 and UPt3.
These changes are likely associated with the changes in
electronic structure since the crystal symmetry does not
change with uniform pressure.

It is important to note that the neutron-scattering data
of Shapiro et al. ,

' the nuclear magnetic spin-lattice re-
laxation data of Clark, and the specific-heat Schottky
anomaly data of Felten et al. point to the existence of
highly damped crystalline electric-field excitations at
about 15 meV above the lowest-lying U multiplet. In ad-
dition, the NMR spin-lattice relaxation data reveals tem-
perature dependence on the 10 K scale. Moreover, the
highly damped feature in neutron scattering almost com-
pletely exhausts the static susceptibility. ' We observe
that this crystal-field scale is comparable to the 0 value
identified from our Curie-Weiss fits to y(T), and that
below 100 K-10 meV the susceptibility breaks from the
Curie-Weiss form. We note that more recent neutron
data support the presence of some low-lying frequency
structure in the dynamical susceptibility, a point we shall
return to below when we discuss the modification of the
van Vleck susceptibility in the presence of the quadrupo-
lar Kondo effect.

Finally, we remark on the data for the magnetic sus-
ceptibility on entering the superconducting state. There
is no change of the Be (Ref. 25) Knight shift or neutron
form factor determined y(Q) (Ref. 26) upon entering the
superconducting state. At most the muon Knight shift
displays a small, field-independent "jump" upon entering
the superconducting state. This information is of assis-
tance in discriminating between the two scenarios we
present in the next subsection.

B. Interpretation

What is clear from our pressure-dependent susceptibili-
ty data is that the specific heat and susceptibility have
very different physics. Specifically, y is more weakly
pressure dependent than C/T, and the energy scale evi-
dent in g from high temperatures is quite different from
the low-temperature scale evident in C/T. We compare
two possible explanations for this.

l. Antiferrornagnetic correlations
in a Anderson lattice

Let us assume the U ions are trivalent with a /= —',

ground multiplet from Hund's rules, and a possibly stable
I 6 ground magnetic doublet as argued by other au-
thors. Given the full multiplet effective moment of 3.63
p~ (within LS coupling), this scenario is reasonably com-
patible with the observed value of 3.4 p~ from our high-T
Curie law fits. In this case, we might model the U ions
with a standard magnetic Anderson lattice Hamiltonian,
with parameters to place us in the Kondo regime so we
may obtain the small Tz value of 6 K.

The high T() 100 K) fits to the y(T) would then be
consistent with strong antiferromagnetic correlations be-
tween U ions. Recent calculations by Si, Lu, and Levin
show how the Anderson lattice will contain effective

spin-spin interactions mediated by particle-hole pairs
[Ruderman-Kittel-Kasuya- Yosida (RKKY)] and parti-
cle-particle pairs (superexchange) both of which scale as
V, where V is the hybridization matrix element betweenf and conduction electrons. The dominant short-
distance behavior should be antiferromagnetic. Similar
conclusions for the intersite exchange follow from a corn-
pletely localized limit with realistic orbital anisotropies as
described in Ref. 29.

This interpretation has three main strengths.
(1) In a simple minded mean-field theory, ' the uni-

form susceptibility is given by

y(T)=
qIXO( T) /( kBp.r)

where go is the on-site susceptibility of a model material
with zero intersite interaction I and coordination number
q. Assuming I (0 (antiferromagnetic ordering) then we
see that since yo- ( T +v'2T~ )

' that

0=max(q~I~/kii, +2'�).

This interpretation thus allows the susceptibility scale of
the interacting system to be different from that of the
noninteracting system and to show a different tempera-
ture dependence than the specific heat. This follows since
in such a mean-field analysis, until one obtains magnetic
order, the specific heat would be that of the noninteract-
ing limit. Hence, the discrepancy between 0 and Tz
could be resolved in this way.

(2) Obviously, this could explain the different pressure
dependence of the susceptibility as well as the specific
heat and susceptibility. While the intersite interaction
energy I would scale approximately as the hybridization
to the fourth power, in a mean-field treatment, the
specific heat would still reAect the single ion Kondo scale
-exp( —2 /V ). Clearly, the pressure dependence of the
specific-heat coefficient would be much stronger than the
susceptibility, which qualitatively checks with our re-
sults.

(3) Moreover, there may be evidence for antiferromag-
netic correlations in UBe, 3.

In addition to these strengths, since the conventional
Kondo lattice is expected to have a Fermi-liquid excita-
tion spectrum in the absence of cooperative instabilities,
and since the Fermi temperature TI*; is of order Tz, one
would generically expect a T behavior in the resistivity
and dp/dT —T~ to decrease with increasing pressure.

The central objection to this possible explanation is
that if 0 is due to antiferromagnetic interactions and
~I~ ))Tz holds, we should have already observed antifer-
romagnetic order well above Tz =10 K. No such order
exists. If this were the correct explanation, one would
also anticipate the magnitude of y to change significantly
upon dilution of the U ions by adding, e.g., Th. This is
because one will significantly alter the mean coordination
number of the magnetic moments. However, Kim
et al. find that the value of y(T~O) is insensitiue to
doping (though C/T does change significantly) and have
inferred that the susceptibility is local in character. Also,
a conventional Kondo lattice Fermi-liquid picture would
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meet considerable difficulty reconciling the temperature
scale of the specific heat and NMR low T-l /T& data (10
K) with the absence of a T region in p( T), the continued
rise of C/T below T, with application of magnetic field,
and the absence of significant magnetic-field dependence
in all but the magnetoresistance. ' We discussed these is-
sues in the previous subsection at length. Another issue
is the fact that the Knight shift does not change on enter-
ing the superconducting state. ' If we had a band of
heavy magnetic quasiparticles, a Knight shift change
would necessarily occur for all even-parity states and
most odd-parity pairing states. Finally, the strong pres-
sure dependence of the residual resistivity is quite incom-
patible with a Fermi-liquid theory. The value in ambient
pressure corresponds to nearly resonant scattering; appli-
cation of pressure will not change the resonance condi-
tion.

2. Quadrupolar Kondo eeet
An alternative scenario is that the U ions are actually

tetravalent with a J =4 Hunds' rules ground multiplet.
It has been argued elsewhere that in this situation a non-
magnetic I 3 ground doublet may lie lowest. ' In this cir-
cumstance, the U ions are subject to a quadrupolar Kon-
do effect. In this case, the magnetic susceptibility derives
from virtual magnetic excitations to the two magnetic
triplet levels of the J =4 multiplet, i.e., is of van Vleck
form. [At a site of cubic symmetry, the J =4 multiplet
splits into a doublet (I 3), two triplets (I 4, I 4), and a
singlet (I,).]

A number of results follow immediately from this pic-
ture for UBe&3.

(1) The difference of energy scale and pressure depen-
dence in y(T) and C/T is immediately clear. The latter
reAects the quadrupolar Kondo temperature Tz, the
former the crystal-field splitting h. Theory for a single
quadrupolar Kondo site shows that the van Vleck suscep-
tibility is little changed from the ionic form, ' and it has
been noted that the 15 meV energy associated with the
neutron-scattering cross section and the specific-heat
Schottky anomaly is of precisely the right magnitude for
the measured low-temperature susceptibility, assuming a
I 4 triplet is at this energy. The effective moment of the
susceptibility is fixed and independent of pressure in this
case, in agreement with our finding of the high-
temperature g data. The crystal-field splitting should
scale as V (Ref. 35) while again, the Kondo scale goes as
exp( —3 / V ), so the pressure dependence of C/T should
be stronger.

(2) A purely ionic ( V =0) van Vleck susceptibility
would saturate exponentially at low T, obviously incon-
sistent with the data. However, when the coupling to
electrons is included, the saturation turns to the form

0.015

0
0.014

(D~ 0.013

OC

0.012
1.0 2.0 3.0

gy(K~/&)
4.0

FIG. 6. Susceptibility y(T) versus &T. The points are from
experiment, the line a fit to the data in the 1 —4 K range by the
form y(0111—AQT/Tl; ) [cf. Eq. (1)],with A =0.21 (assuming
T& =6 K) and g(0) =0.0165 emu/mole. The van Vleck suscep-
tibility should take on such a form for a quadrupolar Kondo
material (see Ref. 36).

region of data is available to match to given Tz —10 K.
The origin of the square-root term is qualitatively un-

derstood as follows. First, consider the ionic ( V =0) lim-
it. In that case, one finds for a single excited crystal-field
multiplet that

The second term arises from thermal occupancy of the
excited level which is frozen out as the temperature tends
to zero. Once hybridization is turned on there will al-
ways be some quantum occupancy of the higher crystal-
field state which will allow virtual transitions from the
occupied fraction of the higher crystal-field level to the
lowest crystal-field level. Since the hybridization
broadens delta-function energy distributions to continua,
it is not surprising that the exponential dependence is re-
placed by a power law. The particular power law rejects
the singular behavior of the ground I 3 doublet in the
quadrupolar Kondo model. Since the low-energy physics
of this model are those of a two-channel Kondo model,
the spectral response of the I 3 is singular, diverging as

1/QmaxI cu Ec,T]—
on approach to zero temperature and the ground-state
e e gyEo

(3) The pressure dependence of y as a function of tem-
perature seems to be semiquantitatively explained in this
picture. We assume that (a) the pressure dependence of
the hybridization is strong, that of the f-level splitting
weak (in fact, this needs to be checked for U ions), and (b)
that the crystal-field splitting A-g, where g —V is the
dimensionless effective exchange coupling of the local
quadrupole moments on the U sites to the conduction
electrons, with

with A —1 which does fit the data, as shown in Fig. 6,
over the limited region 1 —4 K. The above form is expect-
ed to be asymptotically valid for T~0.3—0.5', given
the width of the critical regime evident in the pure two-
channel model calculations of Ref. 38. Thus only a small

k~ Tx =EFexp( —1/g),

and EF the Fermi energy. Then given the above form for
y(T) and

C/T-( I/Tx )1n(aTx IT),
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where a is a parameter determined from the background
specific heat of excited crystal-field states, we see with
some straightforward algebra that

1/2
Bing(T) 1 Bing 1 T

BP B Blnv 2g T (3)

g in(C/T) 1 g in(&) ln(aTz/eT)
BP gB Ainu ln(aT /T)

(4)

where B is the bulk modulus, v is the specific volume, and
e is the natural logarithm base. These formulas suggest
(1) the pressure dependence of the specific-heat coefficient
should be much stronger than that of the susceptibili~t
due to the 1/g out front, and (2) that the slope of the v'T
term in ding/BP is larger than in g(T)/y(0), which is
consistent with the observation of stronger pressure
dependence to g as the temperature is lowered. The
square-root correction rapidly becomes less and less im-
portant as the temperature is lowered. If we take the
reasonable estimate g =—,

' to get T~ =10 K for T+=10
K, then at low T (1 K), we get the pressure derivative of
the specific heat to be 2 —4 times that of the susceptibility
as we vary a from 0.41 (the universal number in the pure
two-channel limit ) to 1.0 (refiecting a specific-heat tail
rom the excited crystal-field states). Hence, this model
provides a plausible quantitative explanation for the
discrepancies in susceptibility and specific-heat pressure
dependence.

(4) The Curie constant works out quite reasonably if, as
per Ref. 39, we take the excited magnetic triplet levels
(I 4 and I z) to be essentially degenerate. This requires
the I, to be substantially higher in energy (at about 400
K). Thus we may estimate the Curie constant from the
lowest eight states alone. In LS coupling (weak spin-orbit
basis), we obtain 3.34 p~ for the effective moment, while
in j-j coupling (strong spin-orbit basis) this goes up to
3.58 p~. The U ion is described by intermediate cou-
pling, though it is closer to the I.S limit; clearly these
estimates adequately bracket the observed value.

The above results provide the core of our application
of the quadrupolar Kondo model to interpret our data.
In addition, the model supports several other results, in-
cluding the following.

(a) The lack of strong magnetic-field dependence is un-
derstood since the quadrupolar doublet couples to field
only at order H . The linear magnetization ' and ab-
sence of a Knight shift change at T, (Refs. 25 and 27) are
understood to arise from the van Vleck susceptibility. In
the case of the Knight shift, no change is expected in the
van Vleck y since it corresponds to such a high-energy
scale.

(b) The absence of Fermi-liquid properties at low T fol-
lows from the fact that a quadrupolar Kondo model is an
example of a so-called overcompensated multichannel
Kondo model. For a single site, the specific-heat
coe%cient diverges logarithmically. The resistivity will
show no T behavior, and in the absence of coherence
among the quasiparticle spins a kind of residual resistivi-
ty corresponding to "spin disorder scattering" re-
sults.

(c) Pressure increases the overlapping of the crystal-
field levels and drives the model towards Fermi-liquid
behavior.

(d) A possible resolution of the magnetoresistance puz-
zle is also offered. The essential idea is that application
of a field to a single impurity drives the system to a Fermi
liquid which is described by a phase shift. Hence, in the
lattice at low temperatures the field will remove the in-
coherent "spin-disorder scattering" (a periodic phase
shift simply renormalizes the band electron potential).
Hence the resistivity should fall, and the crossover field
for this resistance fall will tend to zero as the temperature
tends to zero, though not necessarily linearly.

C. Summary and conclusions

In summary, we have performed pressure-dependent
magnetic susceptibility measurements on the heavy Fer-
mion superconductor UBe&3. We find that the suscepti-
bility is weakly pressure dependent in the high-
temperature regime where a Curie-Weiss law (with
0= —100 K, p, s.=3.4 p~ ) describes the data, and grows
more strongly pressure dependent at low T. However,
the low-temperature pressure dependence (at 1.4 K) is
about —,

' that of the specific-heat coeKcient, which clearly
is compatible with an order 10 K Kondo scale.

Taking into account the other properties of the materi-
al, we have considered alternative interpretations for the
data. First, we assumed that the differences between g
and C /T arise from antiferromagnetic correlations.
While this provides an explanation for the different tem-
perature scale and pressure dependence of g relative to
C/T, it fails to account for the absence of magnetic or-
der, the insensitivity of g to doping on the U sublattice,
and the absence of a Knight shift change on entering the
superconducting state. Second, we considered the qua-
drupolar Kondo picture, in which a nonmagnetic Kondo
effect produces the specific heat while the susceptibility is
van Vleck in origin. This picture appears to provide a
semi-quantitative explanation of the data presented here,
while providing a more comprehensive view of related
data.

It is important to specify further tests of the quadrupo-
lar Kondo picture. If, as suggested, uniform pressure in-

creases the overlap between crystal-field levels, then a
substantial broadening of the 15 meV feature observed in
neutron and Raman scattering should be observed, and
concomitantly the Schottky anomaly in the specific heat
should broaden considerably, while the features observ-
able in spin-lattice relaxation data at 10 and —100 K
should coalesce.

It should also be interesting to study Th-doped UBe&3,
especially in the dilute limit. This will allow a clearer es-
tablishment of the relevance of the quadrupolar Kondo
picture, because the single site model of course becomes
rigorously applicable in that limit. Even at relatively
high concentrations, the suppression of the superconduc-
tivity by the Th doping allows examination of the g(T)
behavior at lower temperatures to see if the &T suggest-
ed above holds in the true asymptotic regime (T((Tz).
In addition, the TlnT specific heat expected for a two-
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channel Kondo model should become apparent. This
does occur for some intermediate concentrations in the
data of Aliev et al. ; in particular, it is quite clear for
Up 64Thp 368e & 3. Finally, Th has the effect of negative
pressure on the lattice since the Th ions increase the lat-
tice constant. Thus examination of the high-energy scale
neutron-Raman excitation peak near 15 me V should
show narrowing relative to UBe&3. Application of pres-
sure would then drive the spectra Th-doped material
back towards those of UBe&3. Since the pressure affects
the crystal-field linewidths (which are essentially Kondo
scales) more than the line positions (which scale as V )

then the magnitude of y at low temperatures ( —1/6,
where b, is the crystal-field splitting) would be little
affected. The data of Aliev et al. shows a narrowing of

the overall resistivity maximum upon Th doping which
would be consistent with this narrowing hypothesis. "
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