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Abstract

Studies of the f-elements under pressure provide important insights into
their solid state chemistry and physics. From such studies of the elements
and their allays, it has been established that the normally localized f-
electrons of several of these elements can become involved in bonding under
pressure. The electronic behavior of f-element compounds under pressure tend
to be mare difficult to interpret, due to the variety and the nature of
electronic arbitals that are present. The 4f-elements and some 60% of the
5f-elements have been studied under pressure. The systematic comparisons
that have been established for these materials are discussed.
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Introduction

The two f-element series comprise some 28% of the known elements in the
Periodic Table. However, scientists interested in f-elements tend to align
with either the 4f-elements or the 5f-elements, rather than considering the
entire grouping of f-elements. This position develops easily, as the
radioactive nature of the 5f-elements and the tendency of some of the early
members to not behave as classical f-elements often induces researchers to
work with either one or the other of these two f-series of elements.

In principle, the properties of the members of these two series should
reflect a regular increase in the number of their f-electrons, and if this
process was rigidly followed, the elements in each series would be expected
to have similar solid state behavior and properties. The above process is
best approached in the lanthanides, although many differences prevail even
between these elements, the most notable being with the divalent metals and
with cerium. In the actinide series, the 5f-electrons of the earlier members
are involved in bending at room temperature and pressure (itinerant
f-electrons), and this gives rise to unique banding, and complex crystal
structures and properties. The transplutonium members of the 5f series tend
to be more lanthanide-llke, although there are interesting differences as a
result or the greater spatial extension of the 5f electrons.

Just as the different nature of the divalent lanthanide metals, Eu and Yb, in
the lanthanide series should not be ignored but used to gain an overall
understanding of the lanthanide series, the behavior of all the 5f-elements
should also be considered to gain a "big picture" of f-element behavior with
regard to f-electron systematics. By looking at both series, it becomes
easier to understand, for example, why certain lanthanide metals under
pressure form the complex crystal structures known for the early members of
the actinide series.

In recent years there have been a number of lanthanide and actinide metals
and their alloys studied under pressure. In part this has been due to the
development of diamond anvil cell (DAC) technology, which allows high
pressures to be obtained readily in the laboratory. These DACs essentially
consist of two opposing diamond anvils, between which is placed a sample.
With care, pressures of one or more megabars can be obtained with these DACs,
which is approaching the pressure at the center of tbe earth; pressures of
0.5-1 megabar (50-100 GPa) can be routinely reached with these cells. At the
latter pressures, many materials can be reduced to one-half to one-third of
their original volumes (some 20% or more decrease in their interatomic
distances). Such changes are greater in magnitude than can be achieved with
temperatures available routinely in the laboratory. At these high pressures,
some interesting changes in bonding and structure may take place with the
lanthanide and actinide elements.

At normal pressures, the 4f-electrons of the lanthanide elements and the 5f
electrons of the transplutonium elements are localized and not involved in
banding. In contrast, the 5f-electrons of the actinides, Pa through Pu, are
itinerant (bonding) at normal pressure. Thus, it is of interest to compare
the behaviors of these different elements under pressure, and establish
systematics that can be related to their electronic configurations and
positions in their series.

During the past two to three decades, a number of workers have carried out
studies of the phase behavior of the lanthanide elements under pressure
(1-32). Phase diagrams of the regular (excluding Ce, Eu, and Yb) lanthanides
have also been formulated by different workers (33-35) . Various correlations
have been employed to explain the observed structures with radii; Gschneidner



and Valetta (36) used the ratio of the metal's radius to the radius of the 4f
shell, while Johansson and Rosengren (33) preferred a ratio of the Wigner-
Seitz radius to an inner core radius. Electron promotion energy (e.g. , s--d)
mechanisms have also been used to explain phase transitions under pressure
(37,38), and the kinetics and systematics of many lanthanide phase
transitions under pressure have also been addressed (39).

A number of studies have also been carried out on the pressure behavior of
the actinides through element 98, Cf. Beyond this member of the series, the
scarcity of the elements has precluded to date such high pressure studies on
them. A comprehensive review of this actinide work has been published (40)
and an updated comparison of the lanthanide and actinide pressure behavior
will be puhlished in the near future (41). Studies of the actinides expected
to be more lanthanide - like in their behavior (e.g., Am, Cm, Bk, and Cf) have
been limited but a number of results have been published (42-59). Electronic
changes accompanying pressure induced transitions in the actinides have also
been discussed (60-62), as well as some systematics of f-electron
delocalization processes in both the lanthanides and the actinides (63).

The electronic behaviors of f-element compounds under pressure tend to be
more difficult to interpret, as a result of the variety and different nature
of the electronic orbitals that are present (e.g., orbitals of different
atoms). Instead of having only one set or kind of orbitals, as found in the
elements, compounds present orbitals having widely different quantum numbers.
Interpretations of behaviors under pressure must now potentially contend with
additional electronic interactions.

The intent here is to examine briefly the behavior lanthanide and actinide
metals, and their alloys, under pressure and to establish same systematics
for behavior as a function of position in the two series.

Discussion

The Lanthanide and Actlnlde Metals

The lanthanide metals form a series of metals which are the most consistent
with the concept of regularly filling of the f-orbitals as one progresses
across the series, as discussed in the Introduction. There is, of course,
the special cases of the divalent metals, Eu and Yb. In essence, all of the
lanthanide metals may be placed into one of two categories; one being
divalent metals and the other being trivalent metals.

In contrast, the actinide metals are complex to the point that one almost
excludes them from the same viewpoint as used for the lanthanide metals.
Yet, if the early members of the actinides are viewed in a different manner,
or even excluded from consideration, the remaining members of the series (the
transplutanium elements) fit the lanthanide model better.

As a series, the actinide metals have widely varying physico-chemical
properties compared to the lanthanides or even other groups of metals in the
Periodic Table. This arises in part as a result of the diffuse nature and
extended wavefunctions of the delocalized 5f electrons of the early members,
and the increasing magnitude of the promotion energies for the 5f electrons
of the higher members of the series. The solid state properties of the
actinide metals reflect these changes from itinerant to localized electrons,
and differences in promotion energies. At the risk of oversimplifying their
behavior, the actinide metals can be placed into three categories based on
their metallic valences (divalent, trivalent, greater than trivalent).



Using this very limited classification, a comparison of the two series of
elements . can be made, as shown in Figure 1. Here, the actinides and
lanthanides are compared in block form based on their metallic valence. As
a result of their itinerant f-electrons, the lighter actinides, with metallic
valencies greater than three, are placed in one group (Pa-Pu, plus Th). In
the second actinide group are the metals which can be considered as trivalent
metals (Ac, Am-Cf, and Lr) . This group would be comparable, with regard to
metallic valence, to the majority of the lanthanide metals. In the third
actinide group, would fall the Es-Nb metals, and this group is comparable to
the lanthanide metals, Eu, and Yb.

Although this grouping is limiting and an oversimplification, it has some
merit for allowing a quick comparison to be made of the pressure behavior of
the different f-elements. The main discussion here will be concerned with
the Ce-Sm group and the Am-Cf group of metals. These comparisons can then
provide some insight into the similarities and differences in behavior
between the 4-f and the 5f electrons.

Pressure Behavior of the Lanthanida Elements

The metallic phases of the lanthanides are well established and consist
essentially of hexagonal (hep), face centered cubic (fee), body centered
cubic (bec) and rhombohedral (rhomb.; Sm structure) forms. Many of these
forms appear as high pressure phases, and, in some cases, with other, more
complex phases having lower symmetries. The existence of the bee form of the
lanthanide metals tends to disappear with pressure. Since the pressure
behavior of the lanthanides has been reviewed (32,38,61), only a brief and
selected description of the lanthanide's pressure behavior will be given
here.

A sequence of structures types formed by the lanthanides under pressure is as
follows: hep -• Sm rhomb. -» dhep -+ fee -• fee' -* low-symmetry structures
(e.g., alpha U-type, orthorhombic; monoelinic; etc.)- To date, only selected
lanthanides up to the position of Eu have been reported to form these low-
symmetry structures under pressure. The significance of these mare complex
structures (e.g. , lower symmetry) is they imply that pressure has forced the
onset of f-electron banding in a previously localized f-electron material.
Since II metal is known to have f-banding at normal pressure, and displays the
alpha-U" structure, the appearance of this structure-type by other f-elements
under pressure has been interpreted as signifying the onset of some f-bonding
in these metals. The occurrence of this low-symmetry structure, or some
other low-symmetry phase, is often accompanied by a volume collapse (a sharp
decrease in relative volume) in plots of relative volumes with pressure.

Lanthanides higher in the series than Eu do not appear to form these complex
structures, under the pressures that have been studied. With higher
pressures (e.g., megabars) a potential exists that they may also undergo
delocalization of their f-electrons. Thus, for the discussion here, the
lanthanides of Ce, Pr, Nd, Pm, and Sm are the ones of main interest with
regard to the potential delocalization of their f-electrons, under the
experimental pressures that have been used to date.

The two lanthanides, Eu and Yb, are special cases, as these metals are
normally divalent metals and one might expect that pressure would cause them
to become trivalent under pressure. Studies of these two metals [31]
indicate that additional bonding does occur with pressure but that a
trivalent state may not be reached fully. The behavior of these two metals
will not be discussed further here.
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Differences between the high pressure behavior of La and Pr were noted many
years ago (16,65) and it was recognized that the 4f-electrons of Pr
delocalized under pressure (16,21,39,66,67). The alpha-uranium structure
(orthorhombic) was assigned to a "Pr IV phase (which forms at -20 GPa) by
Smith and Akella (21) after evaluating Mao, et al's data (16), and by
Grossman et.al. (68). The behavior of Ce metal under pressure up to 46 GPa
is also known [30]. Under pressure, the y form of Ce transforms to the a
form, then to a monoclinic structure and finally to a body center tetragonal
structure at 12 GPa. It should be noted that the crystal form of the 5f
bonded actinide metal, protactinium, is also body center tetragonal.

In studies of Nd and Sm metals under pressure, Grosshans and Holzapfel (67)
reported phases which they believed reflected the occurrence of f-electron
delocalization in these materials. The new phases, believed to have
orthorhombic or lower symmetry, were observed at 41 GPa for Nd metal and 38
GPa for Sm metal. In subsequent studies of Nd (39,66) , the "Nd IV" phase was
assigned as having monoclinic symmetry; Akella et.al. also reported a new
phase (Nd IV) for Nd under pressure but did not identify its structure (22).
The situation with Sm metal is especially interesting and is discussed below.

As a first approximation, it would be suspected that the pressure needed for
f-electron delocalization would increase as one went across the series.
However, the delocalization pressure first assigned to Sm caused these
workers (39,66) to initiate similar studies on Gd and Tb metals; however,
evidence for delocalization up to 47 and 40 GPa (respectively, for Gd and Tb)
was not obtained. Subsequent studies of Gd metal by Akella et.al. (27) up to
106 GPa and of Tb metal up to 42 GPa by Olsen et.al. [24] also did not
observe the formation of complex crystal symmetries that would suggest f-
electron delocalization had occurred in these metals. In a more recent study
of Sm metal up to 100 GPa by Olsen et.al. (69), evidence for formation of a
new phase beyond the Sm III phase (a distorted fee phase) , which would
support the onset of f-electron delocalization, was not obtained. A study of
Pm metal, which has Nd and Sm as near neighbors, has also been made by Haire,
et.al. (29). In this latter work two phase transitions were observed up to
60 GPa; the last phase observed (Pm III; distorted fee) did not suggest that
f-electron delocalization had occurred in Pm metal. Additional pressure
studies of Pm.Sm alloys have been carried out and will be published in the
future (70). Thus, given the above, it appeared that Nd metal was the
highest lanchanide metal for which evidence was available to suggest that
delocalization of f-electrons had been forced by applying pressure.

Very recently, Sm metal was again investigated to ultra high pressures (190
GPa) by Vohra et.al. [32]. Above 91 GPa, the Sm metal converted to a body
centered tetragonal structure (f-bonded protactinium metal at normal pressure
also exhibits a body centered tetragonal structure). Thus, both Ce and Sm
metals (at 12 and >91 GPa of pressure, respectively) form body centered
tetragonal structures. This suggests that Pr, Nd, and Pm metals may also
ultimately adopt this crystal form at ultra high pressures. The rapidly
increasing pressure needed for the appearance of this body centered
tetragonal phase (e.g., .12 GPa for Ce; over 100 GPa for Sm) is in accord with
the concept that pressures far a given change (e.g., delocalization) rapidly
increase across the series. The behavior of these lanthanide metals under
pressure is summarized in a partial, pressure phase diagram, as shown in
Figure 2. The data in the figure are all taken at room temperature. Phase
limits have been drawn to interconnect poincs and give a visual approximation
of the phases, as many data are not presently available to provide a complete
and accurate plot. The upper points are significant only in that they
represent the highest pressures for which data have been reported.
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Thus, it appears there is some evidence that the 4f-electrons of Ce, Pr, Nd,
and Sm metals delocalize under pressure. It is likely that the f-electrons
of trivalent metals higher in the series will require pressures well above
100 GPa for the delocalization process, if it will occur at all.

Pressure Behavior of the Actinide Elements

The metallic phase of the actinide metals through Cf metal have been
established, and structural data also exist for Es metal. Data for the
actinides above Es in the series are not available, and are not likely to
become available in the future due to the scarcity of these elements.

The lighter actinide metals exhibit complex crystal structures and are
multiphasic with temperature. In contrast, the transplutonium metals appear
as more lanthanide-like metals (72,73). These first four transplutonium
metals are considered trivalent metals. They have a low-temperature, dhcp
structure (isostructural with the lighter lanthanide metals) but a high
temperature fee phase; the bec phase known for the lanthanides may exist as
a. third, higher-temperature phase but evidence for this is limited. The
atomic volumes for the transplutonium metals at ambient temperature and
pressure are smaller than for their lanthanide homologs.

The first divalent actinide metal, Es, displays an fee structure (72,74),
comparable to that of Yb metal. Its pressure behavior has not been studied
and Es metal will therefore not be discussed further. The pressure behavior
of the actinide metals is available in a comprehensive review (40); a number
of published papers are also available on the pressure behavior of the
transplutonium metals (42-59). The behavior of the early members under
pressure (Pa-Pu), those which already have itinerant f-electron, appears to
be relatively simple. From the published results of studies of these metals,
there is little change in their structures; with pressure based on studies
that have been reported to date in journals. This contrasts with their
temperature behavior, which show numerous transitions (with Pu, there are
five transitions up to its relatively lav melting point of 640°C). A simple
picture of the pressure behaviors of these metals with itinerant f-electrons
is that, since there is already f-electron involvement at normal pressure,
applying additional pressure is less likely to bring about additional
structural effects. Thorium metal, a non-f electron metal, also shows no
structural change up to pressures that have been reported [40].

Under pressure, the first four transplutonium metals undergo two or three
phase transitions, ultimately forming the alpha uranium-type, orthorhombic
structure. The sequence is similar to that listed above for the lanthanides
but starting with the dhcp structure. The sequence is: dhcp -f fee -t fee' •*
orthorhombic. Both Am and Cf follow this sequence but Cm and Bk metals
bypass the fee' phase in the sequence. Again, as in the case of the
lanthanide metals, the appearance of a low-symmetry structure (e.g., alpha
uranium structure), especially with an accompanying volume collapse, is
interpreted as signifying the onset of f-electron delocalization in these
metals.

The pressure behavior of Am metal has been reported by several different
workers (44,45,48,49,50,55,59). The presently accepted high pressure
behavior up to 52 GPa is that given in references (55,59), which depicts the
dhcp - fee -• fee' -» alpha uranium-type, orthorhombic sequence.

The behavior of Cm metal under pressure has also been reported by different
workers up to various pressures (47V55,56). The highest pressure (52 GPa)
for Cm was obtained by Benedict, et.al. (52) and showed that the same
structural sequence as with Am metal, except for the absence of the fee'



phase. This study showed the Cm has the highest pressure for delocalization
of f-electrons, and the largest volume collapse, of the four transpiutonium
metals.

With Bk metal only two reports of its pressure behavior have been made; one
by Benedict, et.al. (52) and one by Haire, et.al. (53). These reports
covered pressures up to 57 GPa. The sequence of Bk phases was found to be
identical to that for Cm metal. The pressure behavior of Cf metal has also
been published (51). Additional information on Cf metal under pressure has
been given by Benedict (40). The highest pressure reached with Cf metal was
47 GFa and its structural sequence under pressure is like that cf Am metal.

All four transplutonium metals show volume collapses in conjunction with the
onset of f-electron delocalization. The smallest collapse is observed with
Am (6%) and the largest with Cm (21%). The order of pressures required for
delocalization is: CM>Cf>Bk>Am7 which is the same order as observed for the
magnitude of the volume collapses.

Alloys of the Transalutonium Metals

In examining the phase behavior of the transplutonium elements it is apparent
that rather abrupt changes in behavior caxi occur from one element to the
next. Studies of binary alloys of these elements offers a chance to study
their behavior under pressure on a more detailed basis, e.g., on a
"fractional atom" basis.

Two different alloys of Bk and Cf metals were studied with this goal in mind
(54) . The alloys were prepared in a somewhat unique manner; by a radioactive
decay chain. The Bk-249 isotope decays by beta emission (t% - 325 yr) to
yield Cf-249 as a daughter product. Thus, aged Bk metal samples yield
homogeneous alloys of Bk-Cf with time. This same approach was used to
prepare alloys of (Pm.Sm) mentioned in the above text. In this case, Pm-147
(beta decay, t^ — 2.62 yrs) decayed to stable Sm-147. The results from these
Bk-Cf alloy structures gave valuable information for the Bk-Cf section of the
actinide phase diagram. The Bk-rich alloy behaved most like ptire Bk (fee'
phase was not observed), while the Cf-rich sample acted more like pure Cf
(fee' phase was observed). The delocalization pressures and volume collapses
followed an expected (but not a linear extrapolation) trend based on content
of each component.

Three alloys of Am-Cm metals (30, 50, and 80% Cm) were prepared by mare
conventional alloying techniques. A brief reference (40) to this work (71)
has been given. Again the approach of using alloys provided detailed
information about this section of the actinide phase diagram. Basically,
these allays under pressure behaved in reasonable accord with that which
would have been expected from their compositions and the behavior of the pure
metals.

The behaviors of the actinide metals under pressure are summarized in a
partial phase diagram that is given in Figure 3, using data taken at room
temperature. As in Figure 2, phase limits have been drawn to interconnect
paints, and the upper limits refer only to the maximum pressures studied.
The resemblance of the behaviors of these transplutonium metals to those of
the lanthanides is apparent. It is tempting to move the transplutonium
elements to the left in the Periodic Table to give a shifted homolog
relationship for the two series of metals, in order to better compare their
pressure behavior. Such a shift has been suggested in the past by others
(75,76) for comparing other physical properties of these two f-series of
elements.
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Conclusion

The primary effect of pressure is to decrease the interatomic distances
between atoms and their electronic orfaitals. These decreases affect
coordination numbers, atom repulsions or attractions, etc., which alone can
be driving forces for solid state crystal transformations. But a more
significant effect is the increased probability for electronic interactions
or overlap, or even a transfer of electrons. Different orbitals (e.g., those
with different quantum numbers) differ in their radial extent and direction,
and as a result of this, they show differences in their compressibility.
Therefore, orbitals of one type may be more susceptible to pressure than
another type.

For the f-electron metals and their alloys, the interest is to determine what
effect pressure has on the f-electrons of the two different series. Alloys
offer the potential for examination of phase and delocalization behavior on
a "fractional atom" basis. The most significant effect of pressure in these
metals is the delocalization of their f-electrons; to bring about their
participation in the metallic bonding. In this regard, the spatial extension
of the f-electrons is probably the most significant factor. With respect to
the 4f- and 5f-electrons, the 5f-electrons are more spatially extended and
therefore more prone to become bonding under pressure (smaller pressures
would be needed). Further, in going across each series, the f-electrons of
atoics with larger valuer of Z are "pulled in" and are therefore less prone to
bonding (higher pressures are needed to bring about such bonding).

Studies of the 4f- and 5f-elements under pressure provide insights into the
different characteristics of each series. The above factors are useful to
keep in mind when comparing the behavior of the different f-elements under
pressure. In considering the selected f-elements discussed here, the
following summary is made for the pressure ranges studied to date:

a. The f-electrons of the metals, Ce through Nd (4f1-4f3) , appear to
delocalize (become involved In bonding) under pressure.

b. The f-electrons of Pm (4f*) and the trans europium metals
(>4f7) have not been observed to delocalize under pressures
studied to date; recent work in Sm metal (4f5), where a
tetragonal structure is observed >90 GPa, may provide evidence
for delocalization of its 4f-electrons.

c. The 5f-electrons of the first four transplutonium metals, Am-Cf
delocalize under pressure.

Finally, the special behavior of Cm under pressure (high delocalization
pressure; large volume change at delocalization) reflects the added stability
of its half-filled (5f7) state. The situation with Cm, which displays the
maximum number of unpaired f-electrons, shows that Cm is the least likely of
these four transplutonium metals to have Its f-electrons contribute to
bonding, either at normal or at a given pressure. A comparable situation
should be expected for Gd (4f7) , and indeed the 4f electrons of Gd have not
been observed to delocalize at pressures up to 106 GPa (27) . A limited
comparison, with respect to delocalization of f-electrons, between the 4f and
5f electrons can be made using the cases of Cm and Gd; the 5f electrons of Cm
delocalize at 52 GPa while those of Gd do not up to 106 GPa of pressure.
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