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ABSTRACT
The presence of a mixed-valence state in light actinides
appears evident from the crystal structures of certain U, Np,
and Pu phases. As supporting evidence, the physical property
response of these actinide elements (and some of thetr alloys)
is compared with that of rare-earth metallic compounds known
to have an unstable valence.
Impurities may stabilize an intermediate (different)
valence state locally in rare-earth compounds in the presence of
the valence state of the bulk phase. Impurity elements from
different periodic table groupings may likewise stabilize
different intermediate valence states in light actinide elements,
thus contributing to inconsistencies in results reported by
different experimentalists.
Any model (theory) advanced for explaining the physical
property behavior of U, Np, and Pu may also require consideration
of a configurational limit. A phenomenological connection could
exist between a martensitic transformation and the fluctuation
temperature in both rare earth and actinide systems.

1.

INTRODUCTION

The results of low-temperature physical property
measurements made on the
.early actinide elements (U, Np, and Pu) show a variability or inconsistency between test specimens. Results appear to have a greater dependence on impurity
content than one would expect and may be a clue to the source of inconsistencies.
Many theories have been advanced for explaining the low-temperature physical property behavior of the early actinides.
Most of these were proposed as
explanations for the maximum in the electrical resistivity curve of a-phase
plutonium.
Brief surveys of theories for a-Pu have been given by Brodsky et al.
(1974)1, Sandenaw and Harbur (1974)2 and Jullien and Coqblin (1975).3 Each
group of these authors has stressed proposals that it considers to be of greatest importance. None of these surveys presents all of the major theories and the
shortcomings of each.
1

A criticism of most of the actinide-oriented theories presented to date is
that, although they can explain a maximum in resistivity curves, they cannot
account for the absence of magnetic order in so many actinide materials.
Jullien and Coqblinq have proposed that the absence of localized magnetism in
U, Np and Pu metals could be accounted for by a variable d-f hybridization.
There is considered to be hybridization of f and d states in rare-earth elements
or compounds which show properties of the mixed-valence state. 5
The currently accepted crystal structures of a few phases of U, Np and Pu
metals also suggest the presence of a mixed-valence state. Models presented to
explain the mixed-valence state in rare-earth elements and compounds are based
on valence instabilities or valence fluctuations.
These models (or theories)
can explain a maximum in the p vs T curves as well as a simultaneous absence of
magnetism.
Valence instabilities (fluctuations) appear to be a phenomenon that can
help explain most of the observed physical property behavior of U-PU and still
be applicable to the properties of certain plutonium alloys as well as to other
light actinide elements and their alloys. The concept of valence instabilities
has been considered by Brodsky6, but he suggested that it must be approached
cautiously in the light actinides. Valence instabilities have also been designated as interconfiguration fluctuations (ICF). An objection, that can be
raised to a valence fluctuation theory for light actinides, is the absence of an
appreciable lattice contraction indicative of a valence transition at a critical
point. This criticism may not be valid.
There is another complicating factory. The ~ + a phase transformations
in U, Np and Pu may be martensitic, as also may be their higher temperature
phase transformations.7
If the 6 phase is retained due to impurities or to
cooling rate, then there can be low-temperature martensitic ~ + a transformations
in the early actinides.
The case of martensitic f3+ u transformations in Pu at
room temperature and below has been discussed by White8 and that of martensitic
6 + a transformations by Goldberg et al.g The case for a martensitic transformation in a-U below ambient temperature has been summarized by this authorl”.
The y + a transformation in cerium metal is martensiticll.
A theory based on
configuration crossover has been presented by Hirst12 to explain the y + a phase
transition in Ce metal, i.e., he considers this metal to be showing ICF behavior.
This leads to the speculation that there is some connection between the mixedvalence state and a tendency for a martensite-like behavior in rare earth and
actinide systems.

11.

INmRcoNmmwrIoN

FLUCTUATION

(IcF) THEORY

Interconfiguration fluctuations (valence fluctuations) have been observed
mainly in metallic rare-earth compounds under application of pressure or upon
cooling to low temperatures.
These compounds are also referred to as mixedvalence compounds because the atom-like f levels and the wide s-d band coexist
at the Fermi leve113. They are metallic in the sense that, although the D. C.
conductivity is poor, it is still comparable to that of some metals.
In the
rare-earth materials showing valence instabilities, there does not appear to be
either magnetic order or a temperature-dependent susceptibility.
The absence of
magnetism is considered to arise because of fluctuations between two ionic “
configurations of different valencies.
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A model for explaining the different integral occupations of the 4 f shell
Interconfiguration fluctuations are understood
was first developed by Hirstlq.
by Hirst as arising when the energy levels are arranged in such a way that two
configurations (or valencies) compc’te for stability. He considers that valence
fluctuations arise in a system at configurational crossover.
By this he
supposedly means that the system has a many-body ground state in which each ion
has an appreciable probability of being found in either of two competing configurations. The energy necessary to take an ion from one configuration to the
other is approximately zero. The configurational change is supposedly due to
the transfer of an electron to the conduction band at the Fermi energy.
Interconfiguration fluctuation (ICF) suggests a persistent motion of the system.
Hirstl 5 explains that one can think of ICF as implying a quantum-mechanical
zero-point motion which is implicit in the many-body ground state.
Ghatak and Avignon5 considered a theoretical model for a possible configuration crossover in mixed-valence compounds which was essentially based on a
Coulomb interaction between localized and itinerant states. They incorporated
hybridization between atom-like f-states and d-states in their model for explaining mixed-valence electronic and elastic properties.
Tournier and Holtzberg16 surveyed the behavior of rare-earth systems with
an unstable valence. They concluded that, in principle, compounds of rare
earth elements with an unstable valence may contain either integral valence
states, a “uniform” intermediate state, or some combination.
They also concluded
that impurities or defects may have a very large effect when two configurations
are nearly degenerate. A variety of behavior would be possible in these systems,
depending upon the energy difference between configurations and the concentration
and type of impurity or defect.
A two-band picture was developed by Sales and Viswanathan17a for calculating the contribution of the 4f shell to magnetic susceptibility, specific heat,
and electrical resistivity. The bandwidths in their model are related to the
Zeeman level lifetime (T = O) of each configuration via the uncertainty relation,
They noted that the resistivities of ICF compounds
An N K/Tn,
An-l w K/Tn_l.
fall into two broad categories.
In one the conductivity is dominated by electrons which fluctuate in and out of the f shell. In the other both an “s-like”
and an “f-like” band take part in the electrical conduction.
Sales17b notes that it is experimentally difficult to distinguish between
a rare-earth ICF and Kondo sy:tem. He suggests that there is a single physical
mechanism responsible for the entire spectrum of magnetic behavior. That
mechanism should incorporate the Kondo, spin fluctuation, and valence fluctuation
models as limiting cases.

111.
t
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APPLICABILITY OF I.CFTHEORY TO ACTINIDE SYSTEMS

Freeman and Koelling 18 have noted that the 5f electrons in the actfnides
are not well localized in the first part of the series. Their itinerant nature
makes them hybridize strongly with the 6d and 7s bands. Hybridization is considered in a model used to explain properties of rare-earth ICF compounds.
A
non-integer occupation of the 5f shell may be a consequence of hybridization.
Ward and Hilllg have stated that hybridized bonding states of the early actinide
metals, Pa, U, Np, Pu and possibly Am, do not admit to a definable valence.
It
should be appreciated that in the discussion of metallic rare-earth compounds,
the hybridization is considered to be among ionic states.

The crystal structures of certain U, Np and Pu metal phases suggest the
presence of the mixed-valence state. There are 30 atoms per unit cell in the
tetragonal structure of (3-phase U. Atoms appear to be present in the (3-U
structure in four different electronic states with valencies of 3, 4, 5, and 6
Fournier2~has also
respectively, as pointed out by Thewlis and Steeple20.
pointed out that there are inequivalent sites in the crystal structures of
a-Np and c%-Pu. He notes that the inequivalent sites correspond to different
configurations with the inequivalent sites having about the same stability in
The existence of different states for different
both neptunium and plutonium.
a-Np atoms ap ears to have already been provided by the experimental evidence of
Dunlap et al. $2 . Eight inequivalent atom sites exist in the primitive monoclinic
unit cell of a-phase Pu and seven different atomic sites exist in the b.c. monoclinic unit cell of 13-Pu. Long23 has commented that in the similar but not
identical case of a-Mn, the different atomic sites carry different magnetic
moments, which means a different electronic correlation on each type of site.
The known physical property response of ct-Pu and other actinide metals and
alloys makes an explanation based on interconfiguration fluctuations (ICF) very
attractive. A discussion of similarities between the physical properties of the
actinide materials and ICF compounds is presented in the following section.

IV.

SIMILARITIES IN THE PHYSICAL PROPERTY RESPONSES OF ACTINIDE MATERIALS
AND ICF COMPOUNDS

There are similarities between the physical property behavior of actinide
materials and ICF compounds. These similarities are as follows: a maximum in
electrical resistivity curves, an absence of magnetism, an unusually high
electronic specific heat, a change in lattice constant upon cooling or upon
application of pressure, a humping in thermoelectric power versus temperature
curves, a minimum in Young’s modulus curves, and an extreme sensitivity to
impurities.
Alpha-phase Pu, puGFe, puZn2, PuA12 and &Pu have widely differing
crystal structures as noted by Brodsky et all, yet a maximum in p vs T curves
has been observed for all of these materials.
It seemed improbable to these
authors that the listed plutonium phases and alloys all had similar f bands and
appropriate values of N’(E) and N“(E). According to Sales and Viswanathan17a,
the resistivities of ICF compounds fall phenomenologically into two broad
categories.
In one of these the conductivity appears to be dominated by the very
electrons which fluctuate in and out of the f shell. The effect is large and
the resistivities of these compounds increase with decreasing temperature.
Interconfiguration,fluctuation compounds showing this behavior are CeCu2Si217a,
CeA13, CeO.SLaO.2Alq, and Ceo.GTThG.qqAls2”.
In ICF compounds falling into the
second category, both an “s-like” and an “f-like” band take part in the conduction to yield an S-shaped resistivity curve17a. Other actinide materials
appear to show a resistivity behavior which falls into this second categoryl.
Alpha-phase plutonium and many other actinide materials show a large
paramagnetic, but temperature-independent magnetic susceptibility with no evidence for magnetic order. Recent experimental evidence indicates an a parent
loss of ionic magnetic moment in several metallic rare-earth systems17 E 525.
This demagnetization has been interpreted as a temporal fluctuation between two
ionic-like configurations17a.
Hirst15 expects a large electronic specific-heat coefficient for an ICF
system, one with a coefficient orders of magnitude larger than for normal metals.
4
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Large values have been reported for the electronic contribution to specific heat
of a-Pu6’26 and for other actinide materials.
This behavior has not only been
shown by a-Cc, collapsed SmS and YbCuA115, but also by l?. l?.-Cu2Si compounds17a.
An appreciable lattice contraction is usually observed at the critical point
for a valence transition in an ICF compound. There appears to be a density
maximum in both a-U27 and a-Pu28 at about 50 K. The lattice change is not great
in these two actinide elements, but it could indicate a critical point. An
appreciable lattice contraction may not always occur with a valence transition.
It should be noted that each atom in a-phase-U is considered to be equivalent.
This phase is not mixed valent at room ~emperature.
There is a similarity between the thermoelectric power vs temperature behavior of light actinide elements and ICF compounds. A large maximum has been
seen in the thermoelectric power curves of R. E.-Cu2Si2 compounds17a.
The TEP
vs T curve for IY.-Np2gis broad and very similar to that curve shown by EuCu2Si217a.
Humping has been observed in the low-temperature thermoelectric power curves of
a-u 30 and a-Pu28’2g with peaking appearing, respectively, at 33-40 K and 60 K.
Sales and Viswanathan17a have noted that peaking in thermoelectric power occurs
near the fluctuation temperature.
Elastic measurements made across the valence transition of two Ce
( l-x )Thx
samples have shown a softening of the Young’s modulus at the “transition”.
A slight dip was likewise seen by Lallement 32 in the Youngfs modulus vs
temperature curve of a-Pu, with the minimum appearing at % 60 K. A similar
curve for a-U, as determined by Rosen33, Slic)wed a minimum at ‘_u35 K.
As noted above, Tournier and Holtzberg]6 concluded that impurities or
defects could have a considerable influence on properties of rare-earth materials
with an unstable valence.
The concentration of impurities in a-Pu, in particular,
appears to have an unusual influence on low-temperature properties.
Joel et al.34
showed that small amounts of certain impurities had a large effect on the p vs
T curves.
The recently reported low-temperature P vs T and Cm vs T behavior of
241Am and 2q3Am3-5 suggests that americium may also be skewing valence instabilities. This is because of slightly higher resistivity values between 50-60 K
along with heat capacity peaking between ~ 50 - 70 K. The magnetic susceptibility of 241Am is almost temperature independent down to 100 K and there is no
indication of magnetic ordering below this temperature36.
The fluctuation
temperature for Am may be very near to those temperatures speculated above for
a-U and a-Pu, because of a similarity in heat capacity peaking.

v.

DISCUSSION

The crystal structures of certain U, Np, and Pu phases suggest the presence
of a mixed-valence state. A comparison of the physical property response of
interconfiguration fluctuation (ICF) compounds and the.early actinides (and
some of their alloys or compounds) indicates that a theory based on ICF models
could be applicable to these actinides.
Hirst 14 has pointed out the advantage
of considering the problem of a magnetic ion in a metal from the viewpoint of an
ionic or configuration limit rather than from a limit of largely delocalized
electrons.
The best support for considering ICF models for actinides is the temperature-independent magnetic susceptibility and lack of magnetic order in so many
actinide materials.
The susceptibility results must reflect an average value
for the different ionic configurations present in the actinide elements, with
intrinsic moment fluctuations preventing magnetic ordering.
The observed
5

phenomenon that the resistivities of ICF R. E.-compounds can fall into two
broad categories also gives support for considering ICF models for U, Np, and
Pu, and perhaps even Am.
The effects of impurities can be significant upon elements capable of
existing in the mixed-valence state. The variability of reported results for
actinide metals and their alloys may be explained as basically an impurity
effect. Physical properties depending upon electron states, e.g., thermoelectric power, electronic contribution to heat capacity, and electrical conductivity, could show slightly different values at a particular temperature in
the presence of different impurities.
The best support for this speculation
is given by the resistivity study of a-phase Pu made by Joel et al.34. Their
study showed the effect of different impurity groups upon not only residual
resistivity, ~ax, and resistivity at 300 K, but also upon specimen density.
It is suggested that elements from different columns of the periodic table are
able to contribute or transfer a different number of electrons to the conduction
band of (Y,-Puatoms. The configurational change may be different in light
actinide elements, depending upon the number of electrons transferred by the
impurity elements present to the conduction band at the Fermi energy.
The y + a phase transformation in Ce metal has been associated with a
configuration crossover12.
This transformation is considered to be martensitic.
Several phase transformations in light actinide elements have been shown to be
either martensitic or diffusion controlled.
This writer has presented evidence
for the possibility of a martensitic transformation in a-phase U in the range
36-50 Kl”. It was noted above that the fluctuation temperature for u-U may be
within this same temperature range. One can therefore speculate that there may
be a phenomenological connection between the fluctuation temperature of the
mixed-valence state and certain martensitic transformations in rare-earth and
actinide systems.
The present theory for the behavior of intermediate valence compounds is
still considered to be incomplete. An exact theory for explaining light actinide
behavior needs to be developed.
It may turn out that the final model (theory)
will explain the Kondo effect and spin and valence fluctuations in both rareearth and actinide systems.
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