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Kondo Coherence in UBe;3: Magnetoresistance at High Pressure

M. C. Aronson, J. D. Thompson, J. L. Smith, and Z. Fisk
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

M. W. McElfresh

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598
(Received 22 June 1989)

We have used resistance measurements at pressures to 95 kbar and magnetic fields to 8 T to probe the
establishment of Kondo coherence in the heavy-fermion Kondo lattice UBe;3s. With increasing pressure,
the negative magnetoresistance characteristic of noninteracting Kondo impurities evolves into the posi-
tive magnetoresistance expected for a coherent Kondo lattice. We show that coherence is established by
the suppression of inelastic scattering, over a temperature range which expands as pressure decreases the
superconducting transition temperature 7. and increases the Kondo temperature Tk.

PACS numbers: 71.28.+d, 72.15.Qm, 74.70.Tx, 75.30.Mb

Heavy-fermion materials display many of the charac-
teristics of Kondo lattices, whose properties are a prob-
lem of continued experimental and theoretical interest.
At high temperature, a Kondo lattice behaves like an en-
semble of noninteracting Kondo impurities. In this re-
gime, the resistivity increases and the magnitude of the
local moments decreases as the temperature is lowered,
with a characteristic temperature scale of the Kondo
temperature Tx. At the lowest temperatures, the Kondo
lattice can be described as a periodic Fermi liquid.! The
crossover from incoherent Kondo impurity scattering at
high temperatures (7> Tk) to the formation of a
Fermi-liquid regime at low temperatures (7T <K Tk) is
commonly referred to as the establishment of Kondo
coherence. In addition to the appearance of bandlike
character in the transport properties, sign changes in the
magnetoresistance? and Hall coefficient,’ as well as
peaks in the temperature dependence of the thermoelec-
tric power* and specific heat,> are characteristic of the
Fermi liquid and suggest the presence of low-energy
features and gaps at the Fermi surface. Despite exten-
sive theoretical work on the high-temperature state,® and
more recently on the description of the low-temperature
state as a Fermi liquid,! a complete theoretical under-
standing of the Fermi-surface features reflected in these
transport measurements remains lacking. We will
demonstrate that, in contrast, comparison of elastic and
inelastic scattering rates determined from magnetoresis-
tance measurements provides a clear microscopic cri-
terion for the onset of coherence. Our interest has fo-
cused on UBe;3 primarily because of all the known
heavy-fermion systems it shows the least evidence for the
existence of a Fermi-liquid regime above the supercon-
ducting transition temperature at 1 bar. We have stud-
ied the crossover in UBe;; between incoherent and
coherent scattering in a controlled way by variation of
pressure.

Polycrystalline samples of UBe;3 were prepared by arc
melting high-purity uranium and beryllium in an argon
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atmosphere.” The sample and a lead manometer were
placed in series in the Bridgman anvil cell.® Platinum
leads are attached to both with silver filled epoxy, allow-
ing simultaneous four-probe measurements of the lead
and sample resistances. The average pressure in the
completed cell was determined from the depression of
the lead superconducting transition temperature.® Our
modest uncertainty in the pressure determination results
from the broadening of the lead transition by pressure
inhomogeneities, reflecting the quasihydrostatic nature
of the Bridgman clamp. Nonmagnetic tungsten carbide
anvils are used to minimize the effects of residual fields,
which are estimated to be several hundred oersteds.

The electrical resistivity p of UBe,3 is plotted as a
function of temperature in Fig. 1(a) for pressures rang-
ing from 1 bar to 95 kbar. The application of pressure
increases the temperature T at which the resistance is
a maximum from 2.2 K at 1 bar to ~50 K at 95 kbar.
Most importantly, as depicted in Fig. 1(b), pressure ex-
pands the temperature range T <T* for which
p(T) =po+ AT?2 Although it is doubtful that the pa-
rameters derived from such a fit are accurate at low
pressures, a substantial temperature range emerges and
expands with pressures above ~40-50 kbar in which p is
unquestionably quadratic in temperature. Because the
presence of a large quadratic term in the temperature
dependence of the resistivity accompanies coherence,'®
these data indicate that pressure establishes coherence in
UBC]}.

We have used magnetoresistance experiments to probe
the microscopic mechanisms responsible for the estab-
lishment of Kondo coherence with pressure. The mag-
netic field dependence of the normalized resistivity of
UBe;; at 1.2 K is plotted in Fig. 2(a), for pressures rang-
ing from 35 to 95 kbar. As previously observed,'' the
magnetoresistance at the lowest pressures is negative,
with the field dependence expected for isolated spin- 3
Kondo impurities.!> The magnetoresistance decreases
with pressure and changes sign between 53 and 95 kbar.
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FIG. 1. (a) Electrical resistivity p of UBe,; as a function of
temperature for pressures ranging from 1 bar to 95 kbar. (b)
Pressure dependence of temperature range T < T* for which
p(T) =po+ AT2 Solid lines are guides for the eye.

At the highest pressures, the magnetoresistance is posi-
tive and quadratic in field. Restoration of this typical
metallic behavior at high pressures demonstrates the
presence of the bandlike properties associated with Kon-
do coherence.? Overall, these data show that there are
two pressure-dependent contributions to the magne-
toresistance. As in the spin-+ Kondo impurity model,
the negative contribution which dominates at low pres-
sure results from the field dependence of inelastic
scattering at local moment sites. However, this contribu-
tion gives way to the positive bandlike response expected
for the coherent Kondo lattice as the pressure is in-
creased.

It is instructive to examine the role temperature plays
in the establishment of Kondo coherence. To do so, we
have plotted the normalized magnetoresistance in a fixed
field of 8 T as a function of pressure in Fig. 2(b). Be-
tween 1.2 and 10 K, the magnetoresistance is initially
negative but decreases in magnitude before changing
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FIG. 2. (a) Normalized magnetoresistance of UBe;3 at 1.2
K, with pressures ranging from 35 to 95 kbar. (b) Pressure
dependence of the normalized magnetoresistance at 8 T, with
temperatures ranging from 1.2 to 10 K.

sign and saturating at a positive value as the pressure is
increased. The decrease in the negative contribution can
be understood as the result of a Kondo temperature
which increases with pressure, as expected for uranium
compounds.'* Namely, since the Kondo temperature Tk
and Kondo field Hk scale, a smaller change in the resis-
tance is observed on application of a given field as pres-
sure increases the overall field scale. In contrast, the
positive contribution to the magnetoresistance appears to
be essentially pressure independent. Since the magne-
toresistance of a normal metal is proportional to its con-
ductivity, this result is consistent with the insensitivity of
the residual resistivity po to high pressures.!* As can be
seen in Fig. 2(b), the magnetoresistance experiment
identifies a set of temperatures and pressures for which
the two contributions to the magnetoresistance are equal,
and the magnetoresistance is zero. This pressure-
dependent temperature 7T, may be interpreted as a
coherence temperature, as it separates the low-pressure
regime of Kondo impurity behavior from the high-
pressure regime having the coherent properties of a nor-
mal metal. We have plotted the pressure dependence of
Teon in Fig. 3.

The establishment of coherence has a clear signature
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FIG. 3. Pressure dependence of the Kondo temperature
Tx<1/y0 (Ref. 15), superconducting transition temperature
(Ref. 16), and coherence temperature Tcon, taken from the
magnetoresistance experiment reported in the present work.

in the temperature dependence of the electrical resistivi-
ty of a Kondo lattice system. At the highest tempera-
tures, a Kondo lattice may be considered an ensemble of
isolated Kondo impurities. The high-temperature resis-
tivity of a Kondo lattice is dominated by the inelastic
scattering of conduction electrons from partially com-
pensated local moments. This process has an energy
scale of the Kondo temperature Tx and makes a contri-
bution to the resistivity p with the temperature depen-
dence p(T) ~a—bIn(T). A negative magnetoresistance
is expected'? as magnetic field suppresses this spin-flip
scattering process. As the temperature drops below Tk,
coherent electron-electron scattering by Baber processes
becomes increasingly important,'®!” eventually leading
to a resistivity which is quadratic in, temperature
p(T) x AT? and in field? p(T) < H2. At intermediate
temperatures, neither the incoherent Kondo impurity nor
the coherent electron-electron contributions to the
scattering dominate and there is no convenient theoreti-
cal description of the Kondo lattice. However, observa-
tion of a coherent Fermi liquid requires the experimental
temperature range to be much lower than the Kondo
temperature, so that inelastic Kondo impurity scattering
processes are effectively frozen out. In addition, elec-
tronic interactions must be sufficiently weak that super-
conductivity and magnetic order do not set in at higher
temperatures than the Kondo coherence. Since the lim-
ited temperature range for which p(T) ~AT? severely
compromises the validity of such a fit, and no other signs

of Kondo coherence are observed, we conclude that the
fully coherent state is not achieved in UBe;3 at 1 bar be-
fore the onset of superconductivity at 0.95 K. This situa-
tion is qualitatively changed by the application of high
pressures.

The first effect of pressure on UBe,3 is the variation of
the single-impurity Kondo temperature Tx. The Kondo
temperature for uranium compounds increases with pres-
sure, presumably through increased hybridization of the
f level with the conduction band. The pressure depen-
dence of Tk is extracted from that of the electronic
specific-heat coefficient yp using the relation 7y
=0.68R/Tk,'> where R is the gas constant. We note
that this expression is strictly valid only at the low pres-
sures for which UBe,3 displays Kondo impurity behavior
and Tk is well defined. As shown in Fig. 3, below 8 kbar
pressure increases the energy scale Tk indicating that
the inelastic scattering process is frozen out at progres-
sively higher temperatures, revealing the intrinsic elastic
scattering resulting from the underlying periodicity of
the lattice.

The second effect of pressure is the suppression of su-
perconductivity. The pressure dependence of the super-
conducting transition temperature 7. '° is plotted in Fig.
3. Assuming that 7, continues to decrease linearly with
pressure, extrapolation indicates that —60 kbar must be
applied to suppress the superconductivity so that
Teonh> T.. Thus, the net effect of the pressure depen-
dences of Tx and T, is that an expanding range of tem-
peratures 7T satisfying 7, <7 < T¢onh < Tk emerges in
which elastic scattering dominates the resistivity and
coherent behavior may be observed. The onset of a posi-
tive magnetoresistance and the peak in the thermoelec-
tric power '® observed above 60 kbar are strong evidence
for the establishment of Kondo coherence under pressure
in UBe,3. Pressure studies of UBe,3 are thus particular-
ly interesting, as they provide a means of tuning the on-
set of Kondo coherence into the experimental tempera-
ture range without the introduction of disorder which ac-
companies doping.

The major result of this work is the demonstration
that Kondo coherence is established in UBe;; under pres-
sure by the suppression of inelastic scattering. The con-
ditions under which the elastic scattering rate charac-
teristic of a coherent Kondo lattice first becomes equal to
the inelastic scattering rate characteristic of incoherent
Kondo impurities are used to define a coherence temper-
ature Tcon for a Kondo lattice. As depicted in Fig. 3, the
emergence and subsequent increase of 7T'con With pressure
results from both the depression of the superconducting
transition temperature and the increase in the single-
impurity Kondo temperature. Details of electronic in-
teractions prevent Fig. 3 from being a universal phase di-
agram for the Kondo lattice in that the relative magni-
tudes of Tx and T, dictate whether superconductivity
develops from a coherent or incoherent state. This is an
important theoretical consideration for microscopic
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descriptions of the superconducting state. However,
despite the fact that coherence is absent in UBe,3 at low
pressures but not in, for instance, UPt; at 1 bar, it is in-
teresting to note that the two systems share common
features. As an example, it is found that the 72 resistivi-
ty coefficient 4 and the electronic specific-heat coef-
ficient yo are related by

A/y3=1.0x10"° z Q@ cm(mole K/mJ)? 1)

in a large number of heavy-fermion systems,'? including
UBe,;3 under pressure. 20 This result suggests that despite
the nature of quasiparticle interactions stabilizing the
various ground states (superconducting, magnetic, or
normal), the many-body enhancements equally affect
both A and 73. It remains both a theoretical and an ex-
perimental challenge to explain this result, given the ap-
parently distinct natures of the low-temperature states in
the different materials.
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and C. M. Varma. Work at Los Alamos was performed
under the auspices of the Department of Energy.
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