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Los Alamos, NM 87545 USA
ABSTRACT
The actinide elements mark the emergence of 5f electrons.
The f electrons possess sufficiently unusual characteristics
that their participation in atomic binding often result in
dramatic changes in properties. This provides an excellent
opportunity to study the question of localization of electrons;
a gquestion that is paramount in predicting the physical and
chemical properties oi d and f electron transition metals. The
transition region between localized (magnetic) and itinerant
(often superconducting) behavior provides for many interest:ng
phenomena such as structural instabilities (polymorphism), spin
fluctuations, mixed valances, charge density waves, exceptional
catalytic activity and hydrogen storage. This region offers
most interesting behavior such ar that exhibited by the actinide
compounds UBe13 and UPta. Both compounds ai'e heavy-fermion
superconductors in which both magnetic and superconducting be-
havior exist in the samc electrons. The consequences of f-
electron bonding (which appears greatest at Plutonium) show

dramatic effects on phase stability, alloying behavior, phase

transformations and mechanical behavior.

Key Words: Heavy Fermions, Plutonium Metallurgy, Metallic

Bonding, Actinides, Structural Instabilities.



INTRODUCTION

The actinide elements mark the emergence and filling of the 5f-
electron shell. Because the heavier actinide elements have extremely
short half-lives, the dominant feature of the physical properties of the
best kuown actinide elements is the gradual onset of localized behavior.
While the 3d-electron elements aever do show local moment behavior, the
4f-electron lanthanide elements almost go through the complete local-
ization process at cerium, the first element. Thus, the actinides,
which switch over to local moment behavior at americium, are the ideal
series in which to observe the etfects ot ti- ...t = [ . ili1zation and
loss of bonding. When f electrons do torm an energw tr, their lower
symmetry is generally believed to be respcunsible [1] tor the complex
crystal structures and reduced melting poirati scen 1n the elements,
again making the localization (or loss of the t-electron ecnerxy band)

easier to follow.

In Fig. 1 we show the d- ard f-electron elements arranged according
to the onset of localization [2]. The d- and f-electrnn wavefunctions
shrink across their series and may finally fall within the inert gas core,
which ullows 2n atomic-like local moment in the condensed phases. This
happens at diiferent rates for each series, and Fig. 1 merges all o{ this
into a table. In the superconductivity region, hybridization of the d-
or f-electron energy levels forms them into energy bands, and supercon-
ductivity is the usual ground state et low temperatures. In the

magnetism region, local moments o:cur and tend to order magnetically



at low temperatures. 'In the diagonal, crossover region the electrons
ar> on the edge of localization leading to uncertainty in the ground
state. This uncertainty makes the detailed electronic properties

sensitive to perturbations.

This sensitivity to perturbations shows up in many physical prop-
erties. The number of allotropic crystal structures is a maximum for
elements at the diagonal. Generally, structural irstabilities are more
commoen in materials made of elements from this region. Catalysis and
hydrogen storage also occur more readily in materials whose electrons
are on the edge of localization because their bonding properties are
easily modified. Uncertainty in the groun! state also leads to charge
density waves, spin density waves, itinerant electron magnetism, and
some forms of mixed valence at low temperatures. In other words, 1t oo
the nature of electrons (as fermions) to attempt to lower their sncrgy
(as a Fermi gas) at low temperature. The most simple and commen ground
states are superconductivity and magnetism, which lower the densitics of
states of electrons at the Fermi energy. When the details of the «lec-
tronic structure makes these phenomena unfavorable, more compiex (to
observe and to explain) behavior occurs. At the crossover region this
is aggravated by the presence of a partially filled energy band that is
thus both relatively narrow and pinned to the Fermi energy. This, in
fact, offerr a wide range of charge, spin, or iuvu position inastabilities
as possible ways to lower this high density of stutes. Different scien-
tific disciplines study aspects of this phenomena without acknowledging
the greater generality. More important, this is the psrt of the periodic
table where new science (new types of behavior) should be sought. It

seems obvious that more exotic electronic behavior will be found at this



diagonal than elsewhere. The new heavy fermion materials, which we
briefly discuss later, are the most recent demonstration of this.
It must be emphasized that Fig. 1 is only a qualitative guide

to electronic behavior. It explains general trends, not detailed

behavior.

PHYSICS OF ACTINIDE COMPOUNDS

Figure 1 shows only elements. The application of pressure to eleﬁents
near the diagonal shifts their behavior toward:s superconductivity because
of increased band formation. ©On the other hand dilution of these elsments
in alloys or compounds genci :!'y inteciceres oUh hybridization, incveases
the lattice spacing, 2ad makes the materials wore magnetic. Because there

are many different a'oms that can be added and many crystal struclures

that can be formed, the formation of comj. unus offers the greatest avenue to
study hybridization and cxplore new behavior, which is a goal of this
conference.

in 1970, Hill [3]) demonstrated that for cerium, uranium, neptunium,
and plutonium there was a critical spacing that marked the division between
superconductivity and magnetism, or the point of f-electron localization.
This was seen only as a necessary condition in that these ground states
did not always occur. Also T other atoms remained magnetic, then
magnetism could occur in Lhe superconductivity region. The importance
of this was that it demonstrated that these four elements were not
like the heavy rare earths with local moments, but had behavior

determined by hybridization of their f electrona. The most surprising



aspect of the plots of f-electron atom spacing versus behavior was that
hey showed behavior largely independent of the other atoms in compounds,
which is to say, independent of the first nearest neighbor atoms. In
the intervening years these ideas have been essentially confirmed by
many later meas rements. However, the number of exceptions, which are
understandable on an individual basis, has also been slowly climbing.

The class of heavy fermion superconductors now represent behavior that
is incompreheusible within the context of these plots. That magnetism
could be destroyed by some extra hybridization witk other atams when

the f-electron atoms werc far apart is consistent with : necessary bhut

not sulfivieat condition for magnetism. That sime of th2se cempouuds
would become superconducting is teol: an e 00 00 aede ol Lhie i
simply one indicatic: that che superconductivity may be 4 new type and

result from a spin-spin interaction, rather than the usual

phonon-medintion.

Thus, the most surprising behavior found for actinide compuunds

in recent years is the superconductivity of UBe |a] and UPtjls. which

13
] o
have uranium spacings exceeding 5.! A and 4.1 A, respectively. The

compound CeCuZSi2 was found to be superconducting five years ago [6],

hut variations in properties among samples slowed general acceptance of
the superconductivity. The superconducting and normal state properties

of UBe13 are remorkably similar to those of CeCu 812, while in most

2

other respects the compounds are very different (for example cubic
versus tetragonal, 5f~elcctron versus 4f, congruent melting versus

peritectic, p~band versus d-band, binary versus ternary). Thus UBe13

clearly demonstrated that, taken with CeCu2812. there was indeed a new

class of very strange superconductors. Next, UPt.3 was added to this



class, and yet it had rather different properties [7]. These compounds
have been dubbed "heavy fermion superconductors' because their most
dominant low temperature property is an effective mass of the super-
conducting electrons (fermions) that is about 200 times heavier than
free electrons. This is deduced from the extremely large electronic
heat capacity that is seen to occur below about 10 K. The f electrons
seem almost localized (infinite effective mass) near room temperature
because they exhibit a Curie-Weiss magnetic susceptibility, but at low
temperature an extremely narrow band develops showing that the f electrons
are just barely iclocalized, While eleoctronic band structure calcula-
tions canpol account for all of this behavior, they do suggest that the
relatively smul! omount of hybridizalion weenrs because other bands have
been filled, which moves them below the Fermi energy, while the f band
is of course pinned there breause it can contain fourteen electrons [R].
Several questions are obvious: how does such a narrow band form; is
that mechanism the same for 4f and 5f electrons; what is the mechanism
for superconductivity; and is the superconducting electron pairing
different from most superconductors? These questions have been posed

by others in far more detail at this conference {7,9,10], while the

answers will likely remain a subject of controversy for a long time.

Another interesting development is the discovery of UZZn17[11],
NpBel3 {12}, and UCdlI [13] as heavy fermion magnets. They are very °*
similar to the superconductors in their properties except that instead
of becoming superconducting below 1 K, they order magnetically below 10
K. The precise nature of the magnetic state is not even known yet. The

intriguing thought is that because all of these compounds are caught on



the edge of localization, their electronic properties are scaled up by
more than two orders of magnitude, and yet, at low enough temperatures
the same division into ground .tates is seen as is shown in Fig. 1.

It is a strong confirmation of our fundamental understanding of

fermions and suggests that there are more compounds to be found that will

be interesting.

PHYSICS OF ACTINIDES

The gradual fermation of an f-electron band near protactinium, its

narrowin, through t+ nlutonium, and its loss from the onset of localized
f-elect. ey just past plutonium can be easily identified in Fig. 2
where binary alloy phase diagrams hav been connected [2]. As is

discussed later, the reduction of symmetry in crystal structures,

the larger number of these structures, and the lowering of tLile melting
points are the signatures of the filling and gradual localiration

of the f-electron band [1]. Superconductivity at the beginning of

the series disappears at neptunium and plutonium, because of the
increase of magnetic correlations in the narrowed f band. The next
element, americium, is shown to have localized f electrons not because
it is magnetic, but rather because its unique 5f6 configuration gives
a precisely nonmagnetic J=0 ground state. The exactness of this is
clear from the superconductivity that is observed in americium [14],
which strangely and uniquely is thus a demonstration of localized

f electrous. The prope cies of the remainder of the actinides are
understandable by their similarities to the lanthanides beyond

cerium and will not be discussed.



The generalization to compounds and other alloys of the band
properties shown for actinide alloys in Fig. 2 is less obvious and
is most easily seen by consideration of atomic radii or volumes within
the materials. It should be noted that our use of the concept of
energy bands is quite general (as is obvious from the ideas derived
from Fig. 2) and is not limited to the concepts of one-electron
potentials used ifor emergy band calculations. So the formation of
f bands and their contributiun to bonding in compounds and alloys
is seen as a4 reduced volume for the f electron atoms [15]. An
equivalent point of view is that hybridized f electroas are less
efficient at screening nuclear charge than are localized f electrons,
and they lead lo a general contraction of the electron orbitals.

Thus in Fig. 1, the nonmagnetic ecicments are smaller than they would
be without hybridization, while the magnetic elements show only the
general contraction of atoms as a shell is filled. This is the
general contraction that leads to the crossover to the localized

behavior.

It is true that in compounds that have localized f electrons,

the corresponding 4f- and 5f-element compounds have the same lattice
parameters (of course, assuming they are isostructural) [15]). This
permits the ready identification of actinide compounds with hybridi{Fq
5f electrons b: a simple comparison with the same lanthanide compounds.
It is sometimes thought that the situation for alloys is more complex.
For example, in Pu-Af alloys which have aluminum atoms located sub-
stitutionally on sites in the a-phase (a nonequilibrium situation),

the lattice is expanded by their presence, even though the aluminum



atoms are smaller then the o-Pu atoms [16]. However, all of the size
considerations become simpler if it is appreciated that the foreign

atoms must interfere locally with the f-electron hybridization and

make the neighboring plutonium atoms larger. This can even be quantified
by arguing that four atoms are so modified in a-Pu. This raises
interesting questions about local symmetry, diffusion rates, and the

identification of aluminum as a ''substitutional" impurity.
P

The resistivity of metallic materials as a function of temperature
is an important parameter. For actinide materials these curves are
reasonably well known, but there is little detailed understanding [17].
We will not review this but will comment on the impact of heavy fermion
materials on this situation. Generally actinide materials in which the
f electrons are hybridized have high resistivities and show a great
deal ol low-temperature electron scattering. This is clcarly due to
relatively narrow energy bands, but there is n; generally accepted
model that offers detailed insight. Heavy fermion materials have
significantly narrower bands, which are evidenced by more electron
scattering to even lower temperatures and by the presence of sharp
features at low temperatures. This means that heavy fermion materials
are the limiting case fur narrow bands and, in some sense, are thus
the opposite of a free electron gas. Limiting cases are simpler to
calculate than more general cases. Thus heavy fermion materials may
now provide the key to theoretical descriptions of materials at the
crossover (which are of great technological importance) because their
dramatic yet simpler properties will stimulate theoretical descriptions

that can then be generalized to the wider class of narrow band materials.
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Two more properties that are important to tracking the physics
of metallic materials are specific heat and cohesive energies. It
is specific heat that quantifies the narrowness of bands at low tem-
peratures and made possible the identification of the extreme nature
of heavy fermion materials. It is the cohesive ener_.. s of materials
that put the behavior shown in Fig. 1 on a quantitative basis and
permit more accurate comparisons of materials. Stewart [18] has
recently reviewed heat capacity of heavy fermion and related materials,
and Ward, Kleinschmidt, and Peterson [19] have Jdiscussed theimodynamic

properties in detail.

Clearly the narrow eunergzgy bands in the actinides dominate the
physical properties. Heavy fermion materials have highlignted this,
and their unexpedtesd properties have stimulated thinking along these
lines and demonusiuraled how little work has aclLuatly been done on
actinide compnunds. Alloys tend to pore different problems and are

discussed next.

PHYSICAL METALLURGY OF ACTINIDES WITH

EMPHASIS ON PLUTONIUM

The physical metallurgy of the d-electron transition elements
has been studied extensively becaus= these elements or their alloys
represent a large number of materials of significant commercial interest
for structural, electronic and magnetic applications. The metallurgy

of 4f elements has received much less attention. These elements are

of interest commercially for magnetic applicatione and as dilute alloying



elements, but they are not used as structural materials by themselves.
Some of the consequences of f-electron bonding have been noted in
cerium where an isostructural tra ‘formation occurs under pressure
from one fcc phase to another with a 15 percent volume change [20].

10 the 5f elements, localization occurs gradually over a number of
elements, thereby making it possible to study the metallurg.cal con-
sequences of 5f-electron bonding. Although the actinides are of
interest primarily for their nuclear properties, uranium and plutonium
are also important structural materials in these applications for
which chemical, physical and mechanical properties play a vital role.
Uranium has threc allotropes and some ver: iuteresting metallurgical
properties [21]. However, the most complex and fascinating of the
actinides is plutonium. W« will confine our remarks in this paper Lo

the metallurgy of plutoniun,

The most interesting and important manifestation of f-electron
bonding in plutonium is the existence of six snlid-phase allotropes
at. ambient pressure (a seventh appears with the application of modest
hydrostatic pressure). As pointed out above, the f electrona in
plutonium are on the verge of localization and are very sensitive to
external influences. The ground-state energies for the different phases
differ only slightly and, hence, small external perturbations such {H
temperature changes cause changes in crystal structure. Since the
actinides involve turning the bonding of f electrons on or off, the
consequences of such crystallographic transformations are dramatic.

In plutonium one finds that decreasing the f bonding causes trauns-

formations from low-symmetry crystal structures to cubic (high-symmetry)
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structures, often with enormous volume changes. Such changes in crystal

structure affect the resulting properties of plutonium significantly.

e thermal instability of pluLonium is best illustrated by a
dilatometer trace, a plot of length change during heating [22].
Figure 3 coupares the behavior of plutoniwn with that of iron. Trans-
formations in plutonium occur readily with increasing temperature. Most'
are accompanied by large length and thus volume changes. Such volume
changes are difficult to accommodate in solids at relatively low
temperatires withont loss of phvsical integrity, which would be cat-
astropliic for a structural material. The volume chiange upon melting
iv negalive cortrary teo that of most elements. This results t-om the
fact that f electrons bond quitd vauily in the liquid because its
less rigid structure increases rotational freedom [1). This enhance-
ment of bonding promotes the stability of the liquid, lowers the melting
poinL, and promotes a high-density liquid phase. The volume expansion
uvon freezing is advantageous during casting since solidification is not

accompanied by Jhe usual shrinkage defects.

The thermal expansion coefficients of the o, B, Yy, and € phases
are abnormally large because the normal =xpansion duve to lattice
vibrations is accompanied by increaslng atom sizes caused by decreneiqg
f bonding with increasing temperature. The expansion couefficients of the
o, B, and y phases are also highly anisotropic. The average coefticient
of the o phase s 54 x 10-6/°C, or [ive times that of {ron. This
causes special compatibility probicms wherever plutonium is in contact

with other metals in a varying temperature environment. Figure 3 also



13

illustrates another peculiarity of plutonium, the negatijve thermal

axpansion coefficients of the 8§ and &6'phases.

The crystal structures and corresponding densites of the six
plutonium allotropes are listed in Fig. 3. The three crystal structures
closest to room temperature are low symmetry, with o being siwmple
monoclinic which is highly unusual for a metal. The cubic structures

that are typical of most metals appear only alL high temperatures where

the Sf-electron bomling is overwhelmed by thermal eftects.  The Lov-
symmetry structures (especially the o phase) exhibit wverv i, -ectinni!
bondins,. The u=-phase monoclinic structure is esscutialiyv vevagieslty
tonded. its unit cell contains 16 atoms with ecight Jditt o0 ool
lengths ranging from 2.57 to 3.71 K [23). Counseguenuiy., must of its
physical properties are also very directional.

Th: low symmetry and nearly covalent naturxe of the bonding
greatly affects the mechanical properties, which more nearly resemble
those of covaleantly bonded mincrale than moat wetals. The a phase is
strong and brittle because the low symmetry controls the nature and
motion of defects. In contrast, the fcc 6 phase behaves much more like
a normal metal with strength and malleability similar to that of aluminum.
One must remember, hovever, that at S-phase temperatures the 5f honQiqg
is essentially gone. The O phase is also the lowest density phase in
spite of the fact that it is the only one with a traditional close-packed
stacking arrangement. The higher densities in the othe, phases result from
the directional bonding which provides for efficient packing of nonspheri.al

atomp. In the 8 phase the lack of 5f bonding (greater localization) provides
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more screening from core electrons and hence larger atoms. In addition,
the lack of 5f character results in spherical atoms. The & phase
displays more conventional, metal-like properties than the a, §, and

Y phases.

The 6 phase is easily retained to room temperature by alloying.
Trivalent elements such as Al, Ga, In, Ce, Sc, and Am are particularly
effective. Figure 4 demonstrates the complexities of the Pu-Af binary
system in which almost every kind of solid-statc reaction can be
observed [24]. A look back at Fig. 2 reminds one that plutonium is
right on the verge of localization since the addition c¢f very little
americium favors the fcc structure. Likewise, it takes only a few
atomic percent aluminum to stabilize the 6-phase structure. The resulting
alloys (like the pure § phase) ar much more like normal fcc metals with
low strength, high ductility, smaller thermal expansion coefficients and
larger ranges of temperature stability (a Pu-5 at% /2 alloy is stable ‘
to above 500°C). In addition, S-phase alloys are also more compressible,
more corrosion resistant and better conductors than pu;e a-phase

plutonium.

The low melting point of pure plutonium has several other important
consequences besides the obvious lack of solid~phase stability. Thq
liquid phase must be contained during processing. This is very difficult
because it is highly reactive and corrosive. It also has the greatest

known surface tension and viscosity among metals (again a consequence

of 5f bonding).



An important metallurgical consequence arises from the fact that
most rate processes in solids depend upon homologous temperature, that
is, temperature relative to the absolute melting point. Hence, diffusion
and other thermally activated processas in plutonium are quite rapid at
room and slightly elevated temperatures. This greatly affects the physical
and mechenical properties of plutonium and its alloys. 1ln fact, the a phase
can exhibit significant ductility at room temperature at very small grain
size (on the order of microns) and low strain rates so tnat sufficient
diffusional flow occurs to accommodate plastic deformation by a grain

boundary sliding mechanism.

The kinetics are very important in the transformation hehavicr
of plutonium and its alloys. Transformations above 100°C urce diffusion
controlled. Only those near room temperature and below are martensitic
(displacive). Transformations occur readily by changing temperatures,
applying pressure, or any other kind of mechanical work. Martensitic
transformations have been observed at low temperatures in Pu-AQ
alloys [25). These alloys tranform by an isothermal martensitic
mechauism (diffusion controlled nucleation followed by a displacive)
transformation at temperatures as low as that of liquid nitrogen.
Hydroctatic pressure collapses the low-aensity crystal phases quite
eavily. In pure plutonium (26] the 6 phase disappears at pressures
less than 1 kbar. In alloys the low-densiLy phases are also easily
transformed. The solutes trapped in a martensitic transformation
from the 8 phase to an a-like phane are typically quite mobile.
However, their role during and after the tranaformation is not well

unduerstood. The monoclinic a and B phases typically exhibit no

equilibrium solubility for the 8-phase stabilizing elements.
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It is now clear that the peculiar behavior and properties of
plutonium and its alloys can be understood only by recognizing Lhe
consequences of 5f bonding. These "electronic" effects are maximal
at plutonium. A proper understanding here may lead to new insight
to the behavior of other elements near the diagonal (Fig. 1) which

marks the crossover from bonding to localized electrons.

SUMMARY

The actinide elements, their comgounds and alloys offer a most
fascinating arca of fundamental research. Quite recently heavy fermion
materials have served to focus attention on their moit important
physical characteristic, the narrow energy bands. These materials
have raised many new questions, and yet the extreme narrowness of
their bands offcrs the possibility of progress on these qucstions.

The resulting understanding will be very useful for many aspects of

all actinide materials and even for the other seriess in the periodic
table. The metallurgical behavior of plutonium and other actinides can

be used as a sensitive probe to study bonding and localization. The onset
of f bonding is quickly and easily recognized hecause the conseguences

are dramatic; low-symmetry crystal structures with concommitant property

chaunges.
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Fig .
Fig. 2
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Fig. 4.

FIGURE CAPTIONS

A nearly periodic table of the d- and f-electron elements
arranged to show where the crossover to localized behavior

Jccurs.,

A somevhat schematic, connected binary-alloy phase diagram

of Lie firit balf of the actinide series. The solid areas

are (v phise regiuons. The hatched areas are estimates.

The devi:nations ot the phases of pure plutonium are shown.

A plot ++ servesntage fength change as a function of temperature
illustrates the dramatic changes that occur with each plutonium

phase. l'he behavior ot iron is shown for comparison.

Plutonium-aluminum phase diagram.
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