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We present a detailed study on the �magneto�transport properties of as-cast and heat treated material
UCu4Pd. We find a pronounced sample dependence of the resistivity � of as-cast samples, and reproduce the
annealing dependence of �. In our study of the Hall effect we determine a metallic carrier density for all
samples and a temperature dependence of the Hall constant which is inconsistent with the Skew scattering
prediction. The magnetoresistive response is very small and characteristic for spin disorder scattering, suggest-
ing that overall the resistivity is controlled mostly by nonmagnetic scattering processes. We discuss possible
sources for the temperature and field dependence of the transport properties, in particular with respect to
quantum criticality and electronic localization effects.
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I. INTRODUCTION

By now, it is a well-established fact that crystallographic
disorder plays a dominant role in the physics of heavy-
fermion compounds. There are two major aspects to
this issue, namely, the disorder induced suppression
of unconventional superconductivity in heavy-fermion
superconductors,1–4 and second the modifications of heavy-
fermion normal state properties as consequence of the disor-
der. The latter aspect has been prominent particularly in the
context of quantum critical behavior,5–8 where close to mag-
netic instabilities both electronic correlations and disorder
effects are very much enhanced.9

Experimentally, the relevance of disorder effects for the
understanding of heavy-fermion normal state properties has
been investigated for various families of compounds. Here,
in particular, studies have been performed on pseudobinary
cerium or uranium intermetallics with stoichiometries
�Ce,U� :T �T=intermetallic element� of 1:1, 1:2, or 1:3,10–13

or ternary uranium heavy fermions like those of composition
2:1:3,14–17 the U�Cu,Pd�5 system,18–21 or U- and Ce-122
compounds.22–26 The goal of such material studies is the
search for quantum critical behavior close to a magnetic in-
stability, which might be accessed by tuning a magnetic tran-
sition temperature to zero through alloying. The presence of

crystallographic disorder complicates matters as it introduces
a new, independent, and often uncontrolled parameter.

In a Doniach-like picture, the magnetic phase diagram of
crystallographically ordered heavy fermions is thought to be
accessible by means of pressure or chemical pressure
�through isoelectronic alloying� experiments.27,28 The control
parameter to traverse this phase diagram is the magnetic hy-
bridization strength J, which in Ce or U compounds in-
creases with pressure. Close to the magnetic instability, it is
observed that the magnetic transition temperature continu-
ously is suppressed to zero temperature as a function of the
control parameter, with TN� �JC−J�x. At JC, non-Fermi-
liquid �NFL� behavior, i.e., temperature dependencies of the
magnetic ground state properties not consistent with Fermi-
liquid theory, often is observed. At J�JC, below a charac-
teristic temperature TFL� �J−JC�y Fermi-liquid �FL� behav-
ior is recovered. The exponents x and y, in models put forth
so far,29,30 depend on spatial dimensionality and type of mag-
netic coupling. At present, however, there is no full consen-
sus about the adequacy of these models and the underlying
physics.31

Recently, the Doniach picture has been extended in order
to incorporate disorder effects.32,33 Through the disorder
modeled, assuming a distribution P�Jij� of locally and ran-
domly varying hybridization values Jij, it is demonstrated
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that the disorder can give rise to spin glass phases, which
compete with the other ground states of the Doniach
model.27

In experiments such as alloying studies, aside from
chemical pressure effects, the distributions P�Jij� are also
varied. Therefore, through alloying, two independent control
parameters are modified at the same time: �i� The exerted
chemical pressure gives rise to a variation of the average
hybridization strength J. �ii� The local level of random site
exchange, and thus P�Jij�, is affected. Qualitatively, P�Jij�
can be parameterized as a distribution of local hybridization
values within a range �J around the average value J, i.e., the
local hybridization lying in the interval J±�J. With this ter-
minology, in an alloying study the magnetic ground state
properties of a series of materials are a function of the two
independent control parameters J and �J, with J as a mea-
sure for the external pressure and �J for the level of disorder.

The presence of two control parameters J and �J requires
an extension of the “generic magnetic phase diagram” of
heavy fermions by incorporating a third dimension, crystal-
lographic disorder, with �J as a parameter characterizing the
disorder level. A detailed and quantitative discussion of this
“three dimensional magnetic phase diagram of disordered
heavy fermions” is impossible at present,32,33 and is beyond
the scope of this work. A qualitative discussion, however,
illustrates various important issues of heavy fermion physics.
Therefore in Fig. 1�a� we sketch the magnetic phase diagram
under incorporation of the parameter disorder �J.

If we consider a crystallographically perfectly ordered
heavy-fermion material, which orders antiferromagnetically
�AFM� below a transition temperature TN, in Fig. 1�a� this
material would be positioned on the AFM phase transition
line for a disorder level �J=0, say, at point P. By increasing
the hybridization strength J, for instance, by means of a pres-
sure experiment on a Ce compound, we traverse the “generic
magnetic phase diagram of ordered heavy fermions.” Fol-
lowing Refs. 27 and 30, for the three-dimensional case a
suppression of the antiferromagnetic transition temperature
TN� �JC−J�2/3 is predicted. FL behavior is recovered below
TFL� �J−JC� �area “I”�, while at the magnetic instability, for
TN=0, NFL behavior occurs in the shaded area “II.”

In contrast, again with the starting point of the perfectly
ordered material at point P, if we increase the level of dis-
order, it will cause a suppression of the magnetic transition
temperature. While there are no detailed predictions on the
disorder dependence of TN, qualitatively the suppression has
been demonstrated both on theoretical as well as experimen-
tal grounds.34,35 For the low moment magnets and strongly
correlated electron systems considered here, because of the
inherent instability of the magnetic ground state, a complete
suppression of the AFM state through disorder will be
possible.36 Experimentally, this is indicated by observations
on CeAl3 or CePd2Al3,37,38 where the presence or absence of
magnetic order in single or polycrystals has been linked to
crystallographic disorder on the Al sites. In consequence,
sufficiently close to the magnetic instability �for sufficiently
strong correlations� disorder induced suppression of AFM
order will occur, leading to a situation as sketched in Fig.
1�a�. For TN=0, NFL behavior is predicted to occur, although
now extended over some range in disorder �area III� because
of rare magnetic configurations.7

Our phenomenological sketch illustrates two issues rel-
evant to heavy fermion and other strongly correlated electron
materials. The first issue concerns how to connect the NFL
areas II and III. If there is a continuous and smooth transition
from II to III, it would imply that NFL characteristics of a
heavy fermion material, even in the presence of weak disor-
der, could be disorder modified, compared to the perfectly
ordered case. Specifically, if an experiment is chosen on an
antiferromagnetic and weakly disordered heavy fermion,
which only varies the global hybridization strength J, upon
suppression of TN its J dependence might deviate from the
ordered case, and NFL behavior could occur over a wider
range in J even at zero temperature.

Second, in alloying experiments both parameters of the
phase diagram in Fig. 1�a�, hybridization J and disorder �J,
are modified simultaneously. Correspondingly, in a doping
study starting with a structurally perfectly ordered, antiferro-
magnetic heavy fermion system and finishing at a paramag-
netic and structurally ordered Fermi liquid, a complicated
trajectory through the three-dimensional phase diagram is
traversed. Then, the associated alloying phase diagram will
not match an experiment varying J only.

The underlying assumption of the sketched phase diagram
in Fig. 1�a� is that upon increasing the disorder level the
principal type of magnetic order remains the same. This as-
sumption is not always fulfilled for real materials. If disorder

FIG. 1. Schematic phase diagrams of heavy-fermion compounds
as a function of the independent control parameters hybridization J
and disorder �J. For entirely antiferromagnetic coupling there are
only paramagnetic and antiferromagnetic �AFM� phases �a�. If frus-
tration and competing interactions are taken into account, addition-
ally a spin glass phase �SG� might occur �b�. Region I represents a
Fermi-liquid regime, while non-Fermi-liquid behavior is observed
in the regions II and III; for details see text.
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is associated by competing interactions or frustration, it can
give rise to new magnetic states, for instance, spin glass
phases. Experimentally, this has been demonstrated for many
systems,10,11,14–16,19,22,25,26 with theoretical support in the
Refs. 32 and 33.

Specifically, for URh2Ge2 it has been shown that by vary-
ing the level of crystallographic disorder a transition from an
antiferromagnetic to a spin glass ground state can be
facilitated.22 Further, in the alloying series U�Cu,Pd�5 and
�Y,U�Pd3 spin glass ground states are suppressed to zero
temperature, and are associated with NFL characteristics.13,19

Consequently, if glassy states occur in a given class of com-
pounds, we expect a behavior as sketched in Fig. 1�b�. Here,
for zero disorder upon variation of J the situation is the same
as for the purely antiferromagnetic case �Fig. 1�a��. However,
if for an antiferromagnetic material the level of disorder is
increased from zero, it initially will cause a suppression of
TN. Beyond a material specific disorder level a transition into
a spin glass ground state below the freezing temperature Tf
will occur. Increasing the disorder level further causes a sup-
pression of Tf and the subsequent occurrence of NFL behav-
ior adjacent to the spin glass phase.

In addition to the issues discussed for the purely antifer-
romagnetic case in Fig. 1�a�, with the presence of the spin
glass phase additional topics emerge. In particular, it is an
open question how spin glass and antiferromagnetic phase
compete close to the magnetic instability on the zero-
disorder axis. The scenario sketched in Fig. 1�b�, with the
spin glass phase reaching out to zero disorder, is based on the
hypothesis that for an arbitrarily weak magnet an arbitrarily
small level of disorder should be sufficient to destroy the
AFM state.

For real materials, the situations encountered experimen-
tally might be far more complicated than those that can be
derived from the sketches in Fig. 1. We have not considered
features like Fermi surface nesting or hidden order
phenomena,39–41 nor disorder induced effects like AFM
states with anomalously short correlations lengths.17,42 Still,
from our sketches, the relevance of disorder effects for the
understanding and interpretation of experimental data is evi-
dent.

So far, we have only addressed the problem of the mag-
netic ground state properties. Another aspect concerning dis-
order is its effect on the electronic transport properties. Com-
monly, for heavy fermions it is assumed that the resistivity �
probes the magnetic ground state. Correspondingly, anoma-
lous temperature dependencies of � in various moderately
disordered uranium heavy-fermion compounds have been in-
terpreted in terms of NFL behavior.43

Recently, based on a detailed study of the electronic trans-
port properties of URh2Ge2, this view has been challenged.23

Instead, such behavior has now been attributed mostly to
disorder induced localization effects. Moreover, for
URh2Ge2 the temperature dependence of the anomalous con-
tribution to the Hall effect could not be reconciled with the
model commonly used for heavy fermions, e.g., the skew
scattering scenario.44 Hence at this point the electronic trans-
port properties of moderately disordered uranium heavy-
fermion compounds are neither well studied nor well under-
stood. Therefore we decided to carry out a detailed

investigation of the electronic transport properties of a mod-
erately disordered heavy-fermion compound in order to pro-
vide a data basis for theoretical studies.

For our study we have chosen UCu4Pd because it is a
moderately disordered U heavy fermion which has been
characterized in much detail regarding its structural and mag-
netic properties. Based upon a thermodynamic investigation
this system has been established as one of the first NFL
materials,45 with the NFL state thoroughly studied by various
techniques.18–20 Initially, the material was thought to crystal-
lize in an ordered lattice derived from the cubic AuBe5 struc-
ture, with U, Cu, and Pd each occupying separate and trans-

lationally invariant sublattices �space group 43̄m�.46

However, in a XAFS studies it has been demonstrated that
the material in fact is disordered, with 25% Pd on the nomi-
nal Cu sites, and vice versa.21 The actual level of disorder
depends on the metallurgical treatment of the material, and
can be reduced through annealing.21,47

The resistivity � of as-cast UCu4Pd45,47,48 closely re-
sembles the behavior observed for URh2Ge2.22,23,49 Absolute
values of � are large �a few hundred �� cm�, with a negative
derivative d� /dT down to lowest temperatures. A depen-
dence of �=�0−AT at low T has been attributed to the NFL
state. However, annealing the material causes qualitative
changes to the resistivity,47 as d� /dT becomes positive be-
tween �30 and 150 K, while a dependence �−�0�T is no
longer observed.

As yet, the mechanism that triggers the transition from a
quasi-insulating to a metallic-like state in the resistivity of
UCu4Pd upon annealing is not understood. Moreover, the
magnetotransport as a tool to distinguish between magnetic
and nonmagnetic scattering components has not been inves-
tigated in detail. Finally, annealing induced modifications to
the band structure like a closing of a pseudogap have not
been considered so far. Therefore, here we present a detailed
study of the electronic transport properties of as-cast and
annealed UCu4Pd, in order to determine if the resistivity
probes the NFL state or if it reflects disorder induced local-
ization in a strongly correlated electron material.

II. RESULTS

For our study we use data taken on three different sets of
samples UCu4Pd, which were provided by the groups in San
Diego, Augsburg, and Leiden, and are labeled as S �San Di-
ego�, A �Augsburg�, and L �Leiden�, respectively. The
samples were prepared under similar conditions, by arc-
melting the constituents in stoichiometric ratio in a high-
purity argon atmosphere on a water-cooled copper crucible.
To improve homogeneity, the samples were remelted and
flipped over after each melting process several times. Subse-
quently, three of the samples have been annealed under vari-
ous conditions. Altogether, the samples investigated in this
paper are as-cast: Sac, Aac, and Lac; annealed in an evacuated
quartz glass tube at 750 °C for 7 days: A1ann; at 900 °C for
7 days: Lann; and at 750 °C for 14 days: A2ann.

Crystallographic structure and homogeneity of the
samples S and A have been established by x-ray diffraction.
In agreement with previous studies, the samples have been
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found to crystallize in a AuBe5-type structure. Moreover, no
impurity phases could be detected �for details see Refs. 47
and 48�. In addition, for the samples L secondary phases
were not detected in x-ray diffraction. However, electron
probe microanalysis �EPMA� carried out on Lac and Lann
reveals the presence of small inclusions of secondary phases.
As a typical example an electron-backscattering photograph
of Lann is displayed in Fig. 2. The black spots and white
crystals represent areas with a composition deviating from
the nominal 1:4:1. In the backscattering mode, regions with a
relatively higher concentration of a heavy element appear
lighter. Therefore the black spots are U depleted, while the
white crystal is rich in uranium.

In Table I we summarize the measured compositions and
volume amounts of the different metallurgical phases for the
samples L. The size of the black inclusions is similar to the
sample volume probed by the EPMA electron beam �diam-
eter �1 �m; see Fig. 2�.50 Hence, in the analysis part of the
surrounding matrix will contribute to the measured signal in
a way that the U and Pd compositions are overestimated.
Consequently, the black spots �second phase� likely are in-
clusions of pure copper. The white crystal �third phase� we
believe to be a uranium oxide, which is very stable and, since
the light element oxygen is difficult to measure in EPMA in
the presence of heavy elements, would appear as a uranium
rich area.

We have characterized the magnetic ground state and
electronic transport properties of our samples by means of
susceptibility and resistivity measurements. The transport
measurements have been performed using a common four
probe technique at temperatures 2–300 K �0.03–300 K for
Aac, A2ann�. For all samples we present the temperature de-

pendence of the resistivity ��T�. Some of the data have been
published previously47,48 and are included here for compari-
son. Also, for the samples Lac and Lann we measured the
magnetoresistivity �� /�= ���B�−��B=0�� /��B=0�, the Hall
constant RH�T�, and the susceptibility �. For the magne-
totransport and Hall effect measurements the magnetic field
B up to 4 T was applied perpendicular to the current direc-
tion. The Hall resistance was determined from data taken up
to 1.5 T. In this field range we observe a linear dependence
of the Hall voltage on B.

Figure 3 summarizes the temperature dependence of the
resistivity of our samples UCu4Pd. For as-cast material Sac,
Aac, and Lac we observe the archetypical behavior of mod-
erately disordered uranium heavy-fermion compounds, with
a negative d� /dT and large absolute � values. Notably, the
as-cast material � values differ by about 100 �� cm, while
the normalized resistivity exhibits a very similar behavior for
the three samples �see Table II�. This sample-to-sample
variation of � indicates that structural disorder affects the
transport behavior.

At low temperatures, as has been stated previously,45 the
resistivity is linear in temperature �Fig. 4�. Following Ref. 48
we fit the resistivity as ��T�=�0�1−T /T0�. The resulting fit
parameters are summarized in Table II. Here, T1 denotes the

FIG. 2. Electron-backscattering photograph of the annealed
sample UCu4Pd, Lann. Note the 10 �m scale given at the lower
right.

TABLE I. The result of the electron probe microanalysis of the
samples UCu4Pd, Lac and Lann. Compositions of matrix, second
and third phase are given as U:Cu:Pd; for details see text.

Sample
Matrix
vol. %

Second
vol. %

Third
vol. %

Lac 1:4.10�12�:1.09�3� 0.12:1:0.14 1:0.11:0.01

94 5 1

Lann 1:3.94�12�:1.05�3� 0.04:1:0.06 1:0.06:0.01

96 3 1

FIG. 3. The resistivity of as-cast and annealed samples UCu4Pd
as a function of temperature, plotted in absolute units and as nor-
malized data.

TABLE II. The parameters resulting from a fit of the low tem-
perature resistivity ��T�=�0�1−T /T0� of as-cast UCu4Pd; for de-
tails see text.

Sample �0��� cm� T0 �K� T1 �K�

Sac 429 74 14

Lac 304 68 12

Aac 412 55 8

Ref. 48 258 64 10
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temperature up to which the data are fitted. Again, we find
significant sample-to-sample variations indicative of a vary-
ing level of disorder.

Annealing the material qualitatively and quantitatively
changes the resistive behavior.47 Comparing Lann, A1ann, and
A2ann we find pronounced sample-to-sample variations. This
implies that for annealed material disorder still affects the
resistive behavior. Conversely, concerning the overall tem-
perature dependence the annealed samples show a more me-
tallic behavior than the as-cast ones. In particular, for the
samples A1ann and A2ann a metallic �i.e., positive� d� /dT oc-
curs for intermediate temperatures, and � at lowest T satu-
rates. For Lann, while the absolute value is surprisingly larger
than that of the as-cast sample Lac, the resistivity ratio
�2 K/�300 K is smaller or more metallic, and at the lowest T
we observe a shallow maximum �4 K in �.

Since for the annealed sample Lann we find no anomaly in
the T dependence of the susceptibility �see below, Fig. 5� in
the temperature range of the resistive maximum, we con-
clude that the maximum does not correspond to a magnetic
phase transition. Instead, it could stem either from regions in
our material, in which disorder has been minimized to such a
degree that a coherent state can be formed, or from a grain
boundary phase. We note that for a grain boundary phase
there is no metallurgical evidence, as in the EPMA back-
scattering photo we do not see it. Rather, the topological
distribution of secondary phases in the annealed sample is
similar to the as-cast one, in which no resistive anomaly was
observed.

To establish the carrier density for UCu4Pd we have car-
ried out Hall effect measurements on Lac and Lann. In Figs. 5
and 6 we plot the temperature dependence of the Hall con-
stant RH for both samples. Overall, these RH�T� for Lac and
Lann are very similar. However, they are unlike what is ex-
pected for archetypical heavy fermion metals.44,51 In general,
for heavy fermions a maximum in the T dependence of the
Hall constant, denoting the transition into the low tempera-
ture coherent state below Tcoh, is observed. In UCu4Pd there

is no such maximum, reflecting the absence of coherent scat-
tering in this disordered compound, i.e., no coherent state.

The strong T dependence of RH indicates that it is domi-
nated by anomalous contributions. As usual, for the analysis
of the Hall effect data we assume a temperature independent
carrier density and a spherical Fermi surface. To extract the
carrier density we parameterize the Hall constant as

RH = R0 + �RS,mag. �1�

Here, R0 denotes the normal contribution to the Hall effect
and measures the carrier density n. The second term, �RS,mag,
represents the anomalous contribution to the Hall effect, with
RS,mag a model dependent factor. For heavy fermions, in the

FIG. 4. The low temperature resistivity of as-cast and annealed
samples UCu4Pd as a function of temperature. FIG. 5. The Hall constant of UCu4Pd, Lac, as a function of

temperature. We include the temperature dependence of the suscep-
tibility � and of the products ��, ��2; for details see text.

FIG. 6. The Hall constant of UCu4Pd, Lann, as a function of
temperature. We include the temperature dependence of the suscep-
tibility � and of the products ��, ��2; for details see text.
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first Hall effect studies an empirical ansatz had been made
that RS,mag=const.52 In contrast, the skew scattering
scenario,44 which is characterized by a constant spontaneous
angle 	 at which the scattered carriers are deflected from
their original trajectories, this as a result of spin-orbit scat-
tering, predicts that RS,mag��mag, with �mag as the magnetic
scattering component of the resistivity. For heavy fermion
materials, at high temperatures �mag is essentially constant,
and it goes to zero for T→0. Hence the product ��mag will
exhibit a pronounced maximum at Tcoh. Alternatively, the
coherence maximum in RH has been explained on the basis
of the periodic Anderson model51 as a transition from a re-
gime T
Tcoh with RS,mag��2 /� to one at T�Tcoh, RS,mag
=const, with � now the total resistivity. Finally, for disor-
dered materials the side jump effect has been identified in
Hall effect measurements,53 giving rise to a T dependence
RS,mag��2. The side jump mechanism is quantum mechani-
cal in nature and results in a constant lateral displacement �y
of the charge trajectory at the point of scattering.

To assess which of these models most adequately de-
scribes our data we include the measured susceptibility ��T�
and the products ��, ��2 in Figs. 5 and 6. All in all, from our
comparison we find that at high temperatures our Hall effect
data are reproduced by all three scenarios. This simply re-
flects the comparatively weak T dependence of �. Then, by
extracting the normal Hall effect contribution R0= �ne�−1, for
both samples we obtain a carrier density n�5
�1021 carriers/cm3, corresponding to 1 to 2 electrons per
unit cell, irrespective of the assumptions made for the
anomalous contribution. This carrier density is metallic and
disproves the possibility for a gap in the density of states.
Furthermore, the annealing induced qualitative changes of
the resistivity cannot be associated to the carrier density.

For the overall T dependence of RH we observe that the
fitting is best for the product ��2, the side jump effect
scenario.54 Such might indicate a disorder dominated Hall
effect, since usually the side jump effect is observed in dis-
ordered materials like metallic glasses.55

In contrast and strictly speaking, we should have plotted
�mag for the skew scattering scenario. However, for the
anomalous resistivities of as-cast and annealed UCu4Pd a
correction for phonon contributions—as it is usually
performed—will become an ad hoc procedure. Therefore we
use the total resistivity, assuming that it approximates �mag.
In this way, we implicitly assume a temperature dependence
of the magnetic resistive component unlike that used in Ref.
44, since �mag for T→0 does not approach zero. To the best
of our knowledge, aside from hand waving arguments pre-
sented in context with Kondo disorder scenarios,5,7 there is
no well-founded model that would explain such a highly
anomalous magnetic resistive component. This inconsistency
would imply that the skew scattering scenario, as set out by
Fert and Levy,44 does not account for the anomalous Hall
contribution observed for UCu4Pd.

To further study the magnetic resistive component we
have carried out magnetoresistivity measurements on Lac and
Lann. The naive expectation would be that, if the low tem-
perature resistivity is mostly magnetic in nature, it must be
spin disorder scattering, which should be substantially re-
duced in magnetic fields of a few T. Correspondingly, in Fig.

7 we plot the magnetoresistivity at various temperatures for
the annealed sample Lann. For comparison, we include data
taken on Lac. A full account of the measurements on the
as-cast sample has been given elsewhere,56 where we have
demonstrated that for the as-cast sample at temperatures be-
low 30 K the field dependence up to highest fields is well
described by

��/� = 	�T�B2. �2�

This, and the fact that 	�T� follows the susceptibility �	
��−�0�, indicates that spin disorder scattering is the domi-
nant process controlling the field dependence of �� /� for
Lac. For Lann, however, we observe an additional structure in
�� /�, prohibiting an analysis using Eq. �2�. Moreover, while
	 for Lac is a monotonous function of temperature, for Lann
the magnetoresistivity changes sign from positive to negative
at around 3 K.

To quantitatively compare the magnetoresistivities of Lac
and Lann, in Fig. 8 we plot the values �� /� determined in an
external field of 4 T. Overall, the size of �� /� is small,

FIG. 7. The magnetoresistivity of the annealed sample UCu4Pd,
Lann; data are offset for clarity. For comparison, we include data
taken on the as-cast sample Lac; for details see text.

FIG. 8. The temperature dependence of the magnetoresistivity
�� /� for the as-cast and annealed samples Lac and Lann, deter-
mined in an external field of 4 T. We include the magnetic suscep-
tibility of the as-cast sample �solid line - right scale�; for details see
text.
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being less than 1.3% and 0.4% for Lac and Lann, respectively.
This alone suggests that the large values of the resistivity do
not arise from magnetic scattering. It thus represents addi-
tional evidence against an interpretation of the anomalous
Hall contribution in terms of skew scattering theory.44

Again, we can compare the magnetoresistivity with the
magnetic response of our samples, that is, the susceptibility.
As pointed out above, for Lac we find �� /�� ��−�0� con-
sistent with spin disorder scattering. For Lann, however, the
behavior is more complex. While above �15 K the T depen-
dence of �� /� coincides with that of Lac, at low tempera-
tures the magnetoresistivity changes sign. In the resistivity
this feature is associated to the broad maximum at around
4 K �see Fig. 4�. Since the maximum likely does not repre-
sent a bulk phenomenon, we believe that the change of sign
of the magnetoresistivity for Lann as well does not constitute
bulk behavior. We will briefly address this point later in the
discussion.

III. DISCUSSION

With our data analysis we have established the metallicity
of both as-cast and annealed UCu4Pd. Then, the negative
d� /dT for the as-cast material must be the result from
disorder-induced localization effects. Further, the electronic
transport properties of UCu4Pd closely resemble those of the
moderately disordered heavy-fermion compound URh2Ge2,
which again are reminiscent of metallic glasses.23 For the
latter compound the metallic-glass-like behavior has been
quantified by applying the corresponding localization theory
to describe the T dependence of the conductivity �T�.

Following the procedure set out in Ref. 23, in Fig. 9 we
plot the reduced conductivity �=−�T=0� as a function
of T. By multiplying the data for Sac and Aac with a constant
factor of 1.42 and 1.07, respectively, we can scale these con-
ductivity data onto those of Lac over the complete tempera-
ture range, with only some minor mismatch at highest T
between �Sac ,Aac� and Lac. It illustrates the close similarity
of the T dependence of the electronic transport properties for
the different as-cast samples UCu4Pd.

To quantify the resemblance to metallic glasses we de-
scribe our data in terms of localization theory.23,57 For weak

electronic correlations �in UCu4Pd at sufficiently high T� the
T dependence of  is attributed to the superposition of in-
cipient localization, destroyed by inelastic scattering with
phonons and electrons, and electronic interaction effects. It is
given by58

� =
e2

2�2�
�3�b + c2T2 − cT − 3�b + d�T� , �3�

with fit parameters b=1/D�so, c=�1/4D�, �=�iT
2, and d

=0.7367�k /D� �diffusion coefficient D, spin-orbit ��so�, and
inelastic ��i� scattering times�.59 Quantitatively, above 60 K
the T dependence of � can nicely be described by Eq. �3�,
validating our statement on the close resemblance to the be-
havior of amorphous metals. In Fig. 9 we include the result
of a parametrization of the data for sample Aac as a solid
line. Because of parameter interdependencies we cannot ex-
tract a unique and meaningful set of fit parameters.60 Overall,
the essential features of the data for the three samples can be
reproduced using parameters D�10−7–10−8 m2/s; �so
�10−9–10−10 s, and ��10−7–10−9 s K2, which are similar
in order of magnitude to those obtained for URh2Ge2.

While there are still open questions as to the applicability
of classical localization theory to the transport properties of a
moderately disordered uranium heavy fermion compound,
our analysis indicates that the behavior of our compound at
high enough temperatures is metallic-glass-like. In particular,
with Matthiesen’s rule not being valid, it implicates that the
transport properties of moderately disordered uranium heavy
fermion compounds should be considered in terms of trans-
port through different conductivity channels.

If we proceed in the spirit of localization theory, we can
attribute the difference between our parameterization and the
experimental data at low temperatures to a conductivity
channel which contains a magnetic component. The idea is
that at high temperatures this channel fully conducts, but at
low temperatures its conductivity is reduced because of mag-
netic scattering. The reduction of the conductivity of this
channel we can determine from mag=�−exp, with the
data for sample Aac plotted in the inset of Fig. 9. Due to the
uncertainty of the fitting parameters in � our analysis pro-
cedure can only estimate the relevance of different transport
mechanisms. The value of mag�T→0�, 7�104�� m�−1, cor-
responds to about 30% of the total conductivity of this
sample at low temperatures. This is a much more realistic
estimate of the size of the magnetic contribution to the elec-
tronic transport than by assuming that the total resistivity
reflects the magnetic scattering. Moreover, it should be such
a “magnetic conductivity channel” which captures the NFL
characteristics from quantum spin fluctuations rather than the
T dependence of � at low temperatures.43 Unfortunately, at
present there are no theories available which would allow a
more detailed analysis.

Finally, the pronounced sample dependence of the elec-
tronic transport properties ought to be addressed. We have
demonstrated that aside from differences in absolute values
of the conductivity the T dependencies for the as-cast
samples are essentially the same. This could be explained by
assuming that the effective path of the electrical current is

FIG. 9. The temperature dependence of the reduced conductivity
� for as-cast UCu4Pd. The data for Sac and Aac have been scaled
onto those of Lac by multiplying them with a constant factor of 1.42
and 1.07, respectively. The solid line depicts the result of a param-
eterization of the data. In the inset we plot the low T difference
between the parameterization and the experimental data for the
sample Aac; for details see text.
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different from sample to sample. It would imply that the
current in as-cast samples UCu4Pd follows a percolative path
provided by the better ordered regions in the sample. Along
this path transport is diffusive and exhibits the characteristic
negative d� /dT of moderately disordered uranium heavy fer-
mions. If by annealing, in some part of this percolative path,
the disorder is reduced to a degree that transport starts to
become ballistic, the superposition of ballistic and diffusive
transport will yield a temperature dependence of � similar to
what is observed experimentally. Here, in order to test such a
scenario local probe experiments of the electronic transport,
like scanning tunneling microscopy or point contact spec-
troscopy, might be useful.

In conclusion, we have presented a detailed study of the
electronic transport properties of the moderately disordered
uranium heavy fermion UCu4Pd. With our study we have
established the metallicity of the material for both as-cast

and annealed material. Our data analysis indicates that the
electronic transport properties are dominated by disorder-
induced localization effects, while there is only a minor mag-
netic scattering component. This observation casts doubt on
claims for NFL behavior detected in the resistivity of this
and related compounds.
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