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Measurements have been made from below 2°K to 300°K of the electrical resistivity and magnetic
susceptibility of Pd-U alloys. Low-temperature specific heats have also been measured for Pd-U and Pd-Th
alloys. At low actinide compositions, the electronic specific-heat coefficient and the magnetic susceptibility
decrease with concentration and are the same as those of Pd-Ag versus electron/atom ratio, provided
valences of 1, 4, and 6 are used for silver, thorium, and uranium, respectively. However, at compositions
above 7.5 at. 9% uranium, the electronic specific-heat coefficient and susceptibility rise quickly with com-
position, and minima are found in the resistivity-temperature curves. The susceptibility indicates
no localized-moment behavior. The results are interpreted by the formation at the Fermi level of uranium-5f
virtual bound-state levels, whose width decreases with uranium concentration. The specific-heat data
give evidence for a term due to interactions between conduction electrons and spin fluctuations. The negative
resistivity-temperature derivatives are attributed to localized spin fluctuations.

I. INTRODUCTION

The actinide metals neptunium' and plutonium?
have recently been observed to behave as magnetic
impurities when dissolved in palladium. Alloys con-
taining 250-1000 at. ppm neptunium in palladium have
resistivity minima in the temperature range 7-12°K.
In addition, Ap/c is composition independent, and, be-
low 4°K, Ap for these alloys can be fitted to the expres-
sion Ap=Ap(0) (1—T712/Tx?), where Ap is the excess
resistivity of the alloy over the pure palladium, ¢ is
the neptunium concentration, Ap(0) is Ap at T=0°K,
and Tk is taken as a measure of the Kondo tempera-
ture.>* The results are Tx=26°K and Ap(0) /c="7.5 u
cm/% Np. The electrical resistivities of Pd-Pu alloys
decrease monotonically with decreasing temperature
down to 1.3°K. The magnetic susceptibilities of alloys
containing 0.5-2.09% neptunium or plutonium can be
fitted to the expression x=x0+C/(7T—0) at low tem-
peratures. The 6 values obtained are near —3 and
—13°K for the plutonium and neptunium alloys, re-
spectively. The value of —8 is often taken as another
measure of the Kondo temperature.® Thus, the estimate
for Pd-Np is 13<Tx<26°K. The positive resistivity-
temperature slope and negative 6 value of Pd-Pu are
properties analogous to those of Rh-Fe®7 and Ir-Fe.”

Bates and Leach previously measured the magnetic
susceptibilities of alloys and intermetallic compounds
containing up to 25 at. % uranium in palladium over the
temperature range 77-293°K.? The room-temperature
susceptibilities of Pd-U are plotted versus electron/atom
ratio in Fig. 1. For purposes of comparison the Pd-Ag
data of Hoare ef al. are also shown.? The electron/atom
ratio is Zx, where Z is the effective valence of the solute
atom and x is the fractional composition of the solute.
Z has been taken to be 6 and 1 for uranium and silver,
respectively. Bates and Leach found a minimum in the
room-temperature susceptibility versus electron/atom
ratio at a concentration corresponding to about 89,
uranium. In addition, the susceptibilities of samples
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containing greater than 129, uranium obeyed a Curie-
Weiss law x=C/(T—6) with 6<0. To explain these
results they proposed the filling of a palladiumlike d
band for low uranium concentrations and that at higher
uranium concentrations, the valency of the uranium
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Fic. 1. Magnetic susceptibilities at room temperature of
Pd-U and Pd-Ag alloys plotted versus the electron/atom ratio,
defined as the effective valence of the solute times the fractional
solute composition. Effective valences of 6 and 1 were taken for
uranium and silver, respectively.

changes from -6 to +4, leaving two unpaired electrons
to form localized magnetic moments on the uranium
atoms. Bates and Unstead measured the susceptibilities
of Pd-Th alloys and found that the Pd-Th data lie on
the same curve as the Pd-Ag results if an effective
valence of 4 is taken for thorium.!! The magnetic proper-
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Fi1c. 2. Magnetic susceptibility of
Pd-U alloys in the temperature range
1.8-300°K.
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ties of the continuous series of solid solutions U, Th;_,Pd;
(0<x<1) were studied by Wernick ef al. in the range
1.4-300°K.22 They found Curie-Weiss behavior in the
high-temperature region with 3.35 up/U atom at low
uranium concentrations and 2.6 up/U atom for UPd;.
The results were interpreted in terms of the uranium-5f
electrons forming a localized magnetic moment for low
uranium concentrations, and the formation of a very
narrow 5f band as the uranium concentration is in-
creased. More recently Davidov et al. performed EPR
measurements of Gd in U,;Th;_.Pd;.* They interpreted
their results as an indication of the existence of a
partially compensated spin state on the uranium in
U.Th,_.Pd; and suggested the existence of the Kondo
effect in concentrated spin systems.

Because of the interesting magnetic properties of the
actinide metals neptunium and plutonium dissolved in
palladium and because of evidence for magnetism in
Pd-U systems, a more extensive study of Pd-U alloys
was undertaken. We wish to report measurements of
low-temperature specific heat, magnetic susceptibility,
and electrical resistivity of Pd-U solid solutions con-
taining up to 13 at. 9% uranium. Results are also pre-
sented on a number of Pd-Th alloys which in no case
have shown magnetic behavior.

II. EXPERIMENTAL PROCEDURE

The specific-heat samples were prepared at Atomic
Energy Research Establishment Harwell, and they were
in the form of arc-melted buttons weighing about 20 g.
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The details of their preparation have been discussed
fully elsewhere.!* After the specific heats had been deter-
mined, a 4-mm cube was cut from three of the samples
in order to make susceptibility measurements. The
electrical resistivity samples were prepared at Argonne
National Laboratory, the arc-melted buttons being
rolled into sheet and machined to a final sample size of
about 10X1.5X0.1 mm. This treatment was followed
by an anneal at 950°C for 18 h and an oil quench prior
to measurement. All the specimens discussed in this
paper were in the fcc 6 phase, and for alloys containing
more than 89, uranium this phase had to be retained
by quenching. According to Pells, the & phase can be
retained in samples containing up to 15 at. % uranium,
but we have found subsequently that this is reliably
true only up to 139, uranium. Metallographic examina-
tion showed that specific-heat samples containing up to
12.79%, uranium were free from inclusions of the second-
phase U,Pd;;. Similarly, the resistivity samples gave
room-temperature resistivities which were in good agree-
ment with previous values for single-phase alloys, and
as Pells shows this is a sensitive test for the presence of
a second phase.! Bates and Unstead! claim that 209
of thorium can be dissolved in fcc Pd, and our Pd-Th
samples were well inside this limit.

The specific heat!® and magnetic susceptibility'® appa-
ratus are described elsewhere. The electrical resistivity
was measured in two manners. Data runs were made on
all samples with an automated system described previ-
ously.”” With this method, the temperature is increased
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F16. 3. Low-temperature specific heats of alloys containing 7.7,
10.1, and 12.7 at. 9, uranium.

continuously at a rate of 4°K/min, and data are auto-
matically recorded every 20 or 48 sec, depending on the
temperature range. The low-temperature resistivities of
alloys containing 7, 8, 9, and 119, uranium were also
measured at constant temperature using a Honeywell
six-dial potentiometer. Both types of runs gave the same
results; e.g., the temperature and depth of the minimum
of the Pd-8%-U resistivity is the same using either
method. Absolute error in the resistivity is estimated
to be 39%,.

TasLE I. Specific-heat data on Pd-U and Pd-Th alloys.

Specimen v 0
(at. %) (mJ mole™ °K2) (°K)

Pd 9.4340.02 27242
Pd-1.0%-U 8.22 277
Pd-3.0%-U 6.03 272
Pd-5.0%-U 4.28 265
Pd-7.79%-U 2.36 277
Pd-10.19,-U 4.86 280
Pd-12.7%-U 11.3 313
Pd-3.99%-Th 6.71 258
Pd~7.8%-Th 3.88 246
Pd-11.8%-Th 1.36 313
Pd-14.79%-Th 0.99 302
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III. RESULTS
A. Magnetic Susceptibility

The magnetic susceptibilities of alloys containing
7.7, 10.1, and 12.79, uranium in palladium were mea-
sured over the temperature range 1.8-300°K and are
shown in Fig. 2. These results are in good agreement
with those obtained by Bates and Leach in the range
77-293°K,? and the extension of susceptibility measure-
ments to low temperatures for these alloy compositions
shows no pronounced changes in the magnetic proper-
ties below 77°K. The susceptibilities of the 7.7 and
10.1% uranium alloys are almost independent of tem-
perature, which suggests that no localized moments are
forming on the solute atoms. Pd-12.7%-U has a con-
siderably higher susceptibility with a strong negative
temperature derivative, and this increases continuously
down to the lowest temperature of measurement.
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Fic. 4. Specific-heat y values of Pd-U, Pd-Th, and Pd-Ag
alloys plotted versus the electron/atom ratio, defined as the
effective valence of the solute times the fractional solute com-
position. Effective valences of 6, 4, and 1 were taken for uranium,
thorium, and silver, respectively.

B. Specific Heat

The specific heats of six alloys containing 1.0-12.79,
uranium in palladium and of four alloys containing
3.9-14.7%, thorium in palladium were measured from
1.3 to 4°K. Figure 3 shows the results for the three most
concentrated uranium alloys, plotted in the usual way
as C/T versus T2 Pd-7.7%-U gives a good straight
line, but Pd-10.1%-U and Pd-12.79%-U show a small
but distinct upward curvature at lowest temperatures.
All the other samples were accurately linear like Pd-
7.7%-U. The derived values of v and 6 are listed in
Table I. Clearly the values given for Pd-10.1%-U and
Pd-12.79,-U are to be treated with some reservation
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because of the curvature in the data. The data at
lowest temperatures have too much scatter to deter-
mine the exact temperature dependence.

In Fig. 4 the electronic coefficient v is plotted for all
the alloys versus the electron/atom ratio Zx, the previ-
ous data for Pd-Ag being included for comparison.!
Z has been taken to be 6, 4, and 1, for uranium, thorium,
and silver, respectively. When presented in this way
the Pd-Th curve agrees excellently with that for Pd-Ag,
and the same is true for the Pd-U system in the con-
centration range below 7%, uranium. At higher uranium
concentrations, v rises steeply. The composition for the
minimum in v is nearly the same as that at which the
room-temperature susceptibilities of the Pd-U alloys
have a minimum. Thus, for both Pd-Th and Pd-U the
behavior of the electronic specific heat is qualitatively
like that of the susceptibility.?!!

C. Electrical Resistivity

The electrical resistivities of palladium alloys con-
taining up to 13 at. 9, uranium were measured over
the range 1.3-300°K. The data for alloys containing
7, 8,9, and 119, uranium are shown in Fig. 5. Alloys
containing 7% uranium or less show no anomalies in
resistivity versus temperature. However, between 7 and
8% uranium there is a marked change in the behavior
of this alloy system. The Pd-8%-U alloy has a re-
sistivity minimum 0.07 u© cm in depth at 25°K. The
addition of only 1% more uranium increases the tem-
perature of the minimum to room temperature (for the
Pd-9%-U alloy). Further additions of uranium pro-
duce resistivity maxima near 50°K and negative re-
sistivity-temperature slopes at 300°K for both the 11
and 139, uranium alloys.

The values of the resistivity at 4.2 and 300°K are
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plotted versus uranium concentration in Fig. 6. Figure 6
indicates an abrupt change in the composition de-
pendence of resistivity at about 7.5% uranium. This
abrupt change in the slope of resistivity versus com-
position correlates well with the temperature depend-
ences of alloys in this composition region; i.e., no re-
sistivity minimum is observed for the Pd-79%-U alloy,
while the Pd-89%-U alloy has a minimum at 25°K.
The composition at this slope change also correlates
well with the minima in susceptibility and specific heat
v near 7.5%, uranium.

Iv. DISCUSSION

These results suggest the following model for the
Pd-U system. For low uranium concentrations the de-
crease in magnetic susceptibility and specific heat with
uranium composition is due to the filling of a palladium-
like d band. Also, as uranium is added, broad uranium-5f
Friedel-Anderson virtual-bound-state levels of spin up
and spin down are formed at the Fermi level. These
levels narrow with increasing uranium concentration
and cause the increase in magnetic susceptibility and
specific heat at higher uranium concentrations. The
spin-up and spin-down virtual-bound-state levels are
populated equally, and thus no static magnetic moment
is formed. However, spin fluctuations can occur between
these two virtual levels and form apparent moments
with lifetimes sufficiently long to spin-flip scatter the
conduction electrons and cause resistivity minima. This
model agrees with the proposal of Bates and Leach®
that band filling determines the properties of this sys-
tem at low uranium concentrations, and the model
extrapolates well to the proposal of Wernick ez al.!? that
a very narrow uranium-5f band exists in UPd;. How-
ever, it is in disagreement with the suggestion of Bates
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F1c. 6. Electrical resistivity at 4.2 and 300°K of Pd-U alloys
plotted versus uranium composition.

and Leach that localized moments are formed on the
uranium atoms for concentrations above 129, uranium.

A. Magnetic Susceptibility and Specific Heats

On the basis of the model proposed here, the magnetic
susceptibility and specific heat are dependent on two
competing processes. There is the band-filling process
which decreases the values of these properties with in-
creasing uranium composition, and there is the forma-
tion of uranium-5f virtual bound states which cause
these properties to increase with uranium content. The
fact that the magnetic susceptibility and specific heat
decrease as uranium, thorium, and silver are added to
palladium has in all cases, including this one, been
attributed to the filling of a palladiumlike density of
states. However, two qualifications of this idea must be
made. First, Montgomery ef al. have discussed Pd-Ag
in detail and have pointed out that it is extremely un-
likely that it is a rigid palladium density of states that
is filled.’® Second, the spatial extent of the band-filling
process must also be considered. Although the scaling
with the electron/atom ratio of the Pd-U and Pd-Ag
susceptibility and specific heat for low uranium con-
centrations seems to imply that one uranium atom acts
as six silver atoms by contributing six s electrons to the
d-like average density of states of the alloy, such an
idea is not plausible because of the complicated s-d-f elec-
tronic structure of uranium. A more realistic approach
is a localized density-of-states model. Recent theories
of Soven’® on disordered substitutional alloys have indi-
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cated that the density of states localized about a par-
ticular type of atom can be very different from the
average density of states of the material. High-valence
impurities like uranium and thorium dissolved in pal-
ladium, which has a substantial number of d-band holes,
can be expected to produce extreme variations in the
localized density of states. However, the explanation of
why Pd-U scales so well with Pd-Ag when an effective
valence of 6 is taken for uranium has yet to be found,
and it cannot be found by the measurement of macro-
scopic properties.

For uranium concentrations ahove 8%, the narrowing
of the virtual-bound-state levels is the dominant effect
in Pd-U. Wang et al. have recently developed a theory
of itinerant ferromagnets above the Curie point.!® They
concentrated on the paramagnetic phase and neglected
cooperative effects. This theory can qualitatively ex-
plain some features of the Pd-U data. They assumed an
Anderson model® of an impurity in an effective band.
The following expression was then developed for the
static magnetic susceptibility:

x= (us¥/ U) 2w (&?) — 1]+ xband, (1)

where up is the Bohr magneton, U is the intra-atomic
Coulomb interaction, and (&?) is a function dependent
on temperature, on U, and on the virtual-level width T'.
This theory gives a smooth interpolation between the
correct, weakly exchange-enhanced Pauli susceptibility,
2up?/wT, for small U/#xT, and the correct Curie law
for afree spin § when U/#T islarge. The region U/nT'~1
is characterized by spin fluctuations. Assuming that
interactions between uranium atoms will not sig-
nificantly alter the qualitative features of the model
and assuming the Coulomb interaction U is relatively
independent of composition, this model predicts an
increase in both x and in —dx/dT as T" decreases with
increasing uranium content. Also, under the assump-
tion that the weak temperature dependences of the
susceptibilities of the 7.7 and 10.19, uranium alloys
imply that U/#T is small, I can be roughly estimated
from the room-temperature susceptibilities and the rela-
tion x=2up?/7T. The results are I'=0.26 and 0.21 eV,
respectively. The relation U/aI'<1 gives an upper
bound on U of 0.8 eV. Taking into account possible
large exchange enhancements and the fact that U is
really not zero would raise these estimates of U and T..
However, this approach does give an order-of-mag-
nitude estimate of U and it is quite small. It suggests
that the 5f electrons of a uranium atom can approach
sufficiently close to one another so that the Pauli ex-
clusion principle orients their spins in opposite direc-
tions. The result is that the spin-up and spin-down
virtual levels are essentially equally populated for this
range of uranium composition.

Bates and Leach fitted their results for alloys con-
taining greater than 129} uranium to a Curie-Weiss
law. The data for the 12.79%, uranium alloy presented
here can be fitted to within 19, by x=x0+C/(T—0)
in the range 30-300°K, with xo=0.14X10"% emu/g,
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0= —2329°K, and C corresponding to an effective mo-
ment of 2.7 up/U atom. Below 30°K the fit underesti-
mates the data (by 69 at 4°K). However, the validity
of fitting the data to a Curie-Weiss law is very question-
able. Consider the susceptibility of the alloys containing
greater than 8%, uranium. A reasonable estimate for
the band contribution for one of these alloys is the
susceptibility of a Pd-Ag alloy with a corresponding
electron/atom ratio. Figures 1 and 4 show that the
band contribution is small in this concentration range.
Thus, essentially all of the temperature-independent
part of the susceptibility is due to the width of the
virtual level. As the virtual level narrows the tempera-
ture-independent contribution should increase. Thus, xo
for the 12.79, uranium alloy should be larger than the
susceptibility of the 10.19, uranium alloy which is
essentially temperature independent. But xe=0.14X
10-% emu/g for the Pd-12.7%-U alloy is much smaller
than the total susceptibility of the 10.19%, uranium
sample (0.9X10-% emu/g). In addition, the usual
method used to obtain the effective magnetic moment
per impurity atom for systems having resistivity minima
is to extract this parameter from Curie-Weiss fits to
data taken well above | 6| ,5 but all of the Pd-U data
thus far are for temperatures below |8 |. Thus, high-
temperature data are needed before any significance
can be attached to parameters obtained from Curie-
Weiss fits.

The upturn at lowest temperature in C/T versus T2
as seen in Fig. 3 is attributed to the conduction-
electron-spin-fluctuation interaction. Doniach and
Engelsberg? and Bennemann? proposed that the con-
tribution to the specific heat due to such an interaction
is C/T~T?InT in the paramagnetic phase. Because
the upturn is small, and because of the scatter in the
specific-heat data for the 10.1 and 12.79, uranium
alloys, no attempt was made to fit the data. (This
aspect of the specific heat will be discussed again in
Sec. IV C.)

B. Electrical Resistivity

The alloys containing 8 and 99, uranium have re-
sistivity minima. The susceptibilities of these alloys
are essentially temperature independent over the whole
temperature range and thus no localized moments are
formed. This fact rules out the Kondo effect® or
Nagaoka-type spin compensation® as an explanation
for the resistivity minima. These theories are based on
s-d exchange scattering of conduction electrons by
localized magnetic moments. The resistivity of Pd-U
is better understood in terms of localized spin fluctua-
tions between the spin-up and spin-down uranium-5f
virtual levels. The concept of localized spin fluctuations
has been discussed by a number of authors.*1%:2 Caplin
and Rizzuto used the concept to explain resistivity
minima in AI(Mn) and Al(Cr).?* They suggested that
if the lifetimes of localized spin fluctuations at an im-
purity atom are long enough, a temporary magnetic
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moment may have sufficient time to equilibrate. This
temporary moment could flip the spin of a conduction
electron and contribute a logarithmic term to the re-
sistivity. With the evidence against localized magnetic
moments and in view of the susceptibility and specific-
heat evidence for the formation of virtual levels, the
localized spin-fluctuation model is the most plausible
explanation for the resistivity minima.

One other aspect of the resistivity can be discussed.
Above the composition of 8%, uranium the resistivity
at a given temperature increases much more rapidly
with composition than it does for low uranium concen-
trations. This is also consistent with the formation of
virtual bound states at the Fermi level. The virtual
level increases the density of states at the Fermi level.
Mott and Jones pointed out that the transition prob-
ability from one state to another is proportional to the
density of states in the final state.?® The increase in the
density of states at the Fermi level means that there
are more states into which conduction electrons can be
scattered and thus the resistivity increases.

The question of why the electrical resistivity shows
dramatic variation with uranium concentration near
7.5% uranium is an intriguing one. A possible explana-
tion is that near this composition there are a sufficient
number of uranium atoms so that some of these atoms
have one or two uranium nearest neighbors.? In these
“uranium-rich” regions there is a large localized density
of states of uranium-5f and possibly uranium-6d elec-
trons giving rise to localized exchange enhancements.
Such effects are most probably occurring, but the nar-
row composition range where susceptibility and specific
heat start to increase and at which resistivity minima
occur suggests a more likely explanation. At the elec-
tron/atom ratio corresponding to 7.5% uranium the
susceptibility of Pd-Ag alloys is fairly small and changes
little for increasing silver content. The same general
features are true of the specific heat of Pd-Ag. These
results have been interpreted to mean that the number
of holes in the palladiumlike density of states of the
alloy is small and that this density of states is essentially
filled.’® This band filling is localized in the region of the
solute atoms. Beyond 7.5%, uranium the palladiumlike
density of staces is filled and the uranium-5f electrons
no longer hybridize with the palladium-d electrons.
The uranium-5f electrons are more localized and the
virtual levels narrow appreciably.

In this model, uranium atoms in regions where the
localized palladiumlike density of states is filled make
the largest contributions to properties depending on
virtual levels. At a composition near 7.5%, uranium,
most uranium electrons are filling the palladiumlike
density of states and all the uranium atoms are not
acting as “magnetic’” impurities. However, as slightly
more uranium is added, the band-filling process is
completed throughout the alloy, and the number of
magnetic uranium impurities approaches the actual
chemical composition. An alloy containing 8% mag-
netic impurities would ordinarily be considered non-
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dilute and could have resistivity maxima as well as
minima, due to cooperative effects. (For example,
Pd-89%,-Np has both a resistivity maximum and a
minimum.) But the resistivity of the Pd-8%,-U alloy
resembles that of a dilute alloy. The rapid variation of
the depth and the temperature of the resistivity mini-
mum between 8 and 99, uranium (the depth of the
resistivity minimum is only 0.07 xQ cm in Pd-89%,-U
but is 3.3 uQ cm in Pd-99%,-U) is also more easily under-
stood if the effective concentration of magnetic uranium
impurities has increased by much more than the one
percent change out of eight in uranium content.

C. Related Systems

The properties of the Pd-U system are very similar
to Cu-Ni and V-Fe. In the former system, the addition
of nickel to copper causes the magnitude and negative
temperature slope of the susceptibility to increase.”
The specific heat +y also increases with nickel content,?:%
and in the paramagnetic alloys there are minima in
the resistivity-temperature curves.®® V-Fe is even more
similar to Pd-U, as small additions of iron cause an
initial decrease in susceptibility®® and ¥ owing to
d-band filling. Alloys containing more than 209, iron
begin to show the negative slope in the susceptibility-
temperature curves, and susceptibility and v increase
with solute contents as in Pd-U and Cu-Ni (Figure 2 of
Ref. 31 is extremely similar to Fig. 2 here.) An addi-
tional term contributes to the specific heat in both of
those systems, also, in paramagnetic alloys.?32

Despite the similarities there is an important differ-
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ence between Pd-U and the other two systems. The
magnetism in Cu-Ni and V-Fe ranges from paramag-
netism to superparamagnetism to ferromagnetism as
the magnetic solute is added. No ferromagnetism has
been observed in Pd-U and this is reasonable since
pure uranium has no measurable magnetic moment,'®
unlike iron or nickel. The absence of ferromagnetism
has an important bearing on the interpretation of the
specific-heat data. Two models attempt to explain up-
turns at low temperatures in C/T versus 7% for mag-
netic systems. One model is based on ferromagnetic
clusters and predicts C/T~T"1. The specific heat of
both Cu-Ni and V-Fe have been interpreted on this
basis.®# The other model considers the interaction be-
tween conduction electrons and spin fluctuations and
predicts C/T~T?In7. Rh-Ni 3 and Cu-Ni 2 have been
explained from this viewpoint. Because of the absence
of ferromagnetism, the spin-fluctuation model is the
one more appropriate to the specific heat of Pd-U.
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