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bstract

A long standing issue in heavy element science is what role electrons, especially the f-electrons, play in chemical and physical behaviors. This
nterest prevails not only for changes found between the two f-electron series and for the different elements in one series, but also for comparing a
articular element’s behavior in its elemental and combined states. Different types of experimental approaches over the years have been employed
o probe and evaluate the nature of bonding and electronic configurations in these materials. In some instances the conclusions arrived from
xperiment and theory have differed, but theory and experiment have recently become more encompassing, sophisticated and in better accord with
ne another. Interpretations about the electronic interactions and bonding at ambient or elevated temperatures in the f-elements have been employed
or many years and have generated important and guidelines Structural behaviors under pressure and the associated correlations with bonding via
xperimental methods have become especially enlightening in this regard. These experimental findings also generated increased theoretical efforts
o probe these changes and offer new insights. Selected aspects of results obtained to date for f-electron materials using different experimental

pproaches and conditions will be examined and discussed here with regard to electronic configurations and the potential changes that occur in
onding. A useful approach in this regard is to employ correlations to establish trends as a function of electronic nature and configurations. Findings
sing this approach will be discussed here and compared to computational results for several materials.
ublished by Elsevier B.V.
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. Introduction

An important issue in heavy element science is the changing
ole of the f-electrons, both when progressing from element to
lement across the series, as well as how experimental variables
ffect the roles played in the elements’ chemistries and physics.
t has been well established that the function of these f-electrons
an be changed by experimental conditions: temperature and

ressure being two of many such variables. It is well recog-
ized that at atmospheric pressure and 273 K the transplutonium
lements have localized, non-bonding 5f-electrons and exhibit
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reater atomic volumes and more symmetrical crystal structures
han the four elements accepted as having itinerant 5f-electron
haracter (e.g., protactinium through plutonium). In the case of
horium, it often is considered as reflecting bonding more asso-
iated with transition metals (e.g., d–s type bonding) although
heoretical considerations have even attribute some fractional 5f
haracter to its bonding. The smaller atomic volumes and more
omplex crystal structures of the protactinium through pluto-
ium metals result from the greater degree of metallic bonding
rom involvement of their 5f-electrons. Their structures arise as
hey offer the lowest energy state for their hybridized electronic
ands involved in their bonding, rather than merely reflecting the
irectional character of atomic 5f-orbitals. The transplutonium
lements with localized 5f-electrons display structures observed
ith the lanthanide and many transition metals. This overall sit-

ation is reflected in the well-known change in atomic volume
ith atomic number and expected f-electron count (Fig. 1).
In the two f-electron series, even larger atomic volumes are

bserved for the elements having only two bonding electrons

mailto:hairerg@ornl.gov
dx.doi.org/10.1016/j.jallcom.2007.01.103
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ig. 1. The atomic volumes of f-elements at atmospheric pressure reflect the
nterplay between volume and bonding modes. [The extrapolated volumes for
m, Md and No suggest a volume curve for the divalent metals.].

europium, ytterbium, einsteinium, fermium, nobelium and
robably mendelevium). A dashed line is shown in Fig. 1 to
eflect the expected volumes for these three metals. Although
xperimental volumes for fermium and mendelevium have not
een determined, other information supports their divalency.
his dashed line can be extended back to europium, and it
ould then represent a volume curve for the divalent actinides.
herefore, not only are their 5f-electrons localized, but their
onding would involve only two electrons.

The reason is for this divalency is more readily understood at
rst glance for europium, ytterbium and nobelium, where half-
lled or filled f-orbitals are encountered, but less clear for the
insteinium, fermium and mendelevium cases. And, the reason
hat americium (that might be expected to behave as an electronic
omoilog of europium), is not divalent and has a smaller atomic
olume is not immediately obvious. These differences are under-
tood by the concept of promotion energies (see subsequent
ection).

The well-established atomic volume relationship for these f-
lectron elements displayed in Fig. 1 allows another aspect to
e considered—essentially an inverted concept. That is, what
ould be the bonding consequences of reducing the atomic vol-
mes of these metals with localized f-electrons by pressure?
his aspect will be discussed in a section about the effects of
ressure.

Topics presented here consider the correlation of electronic
tates and changes encountered in the gas and condensed phases,
hen 5f-promotion energies (5f → 6d) may or may not be appro-
riate for understanding the chemistry/physics and bonding
hanges, including bonding changes brought about from reduced
tomic volumes.

. Applicable experimental and theoretical approaches

For examining differences between the gas phase and solid
hase, it is useful to compare the electronic energy levels of neu-
ral configurations of individual atoms and those expected in the
lements in the condensed phase. The levels in neutral configu-
ations of the atoms have been compiled from large amounts of
xperimental data, most often from vapor discharge lamps [1].

onfigurations for the solids are taken from current understand-

ngs or are represented here as a generic format for a hybrid-type
ystem representing an overlapping band structure, signified as
aving an “5fx6dy7s2” outer configuration.
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The nature and values for many of the actinide enthalpies
f vaporization [2–6] and adsorption [7–9] have been published
nd summarized, and the techniques employed are discussed.
he most recent enthalpy of vaporization-type studies were per-

ormed on einsteinium and fermium some years ago [10] while
he most recent enthaplies of adsorption have been reported for
urium, berkelium together with partial data for lawrencium
11], which represents some of the only information for it.

High-pressure techniques with and without synchrotron
adiation have been discussed in several publications. A
ummary of synchrotron techniques for such experimental
ork is available [12] while specific efforts on americium

13–16] protactinium [17] and curium [18] are published.
ne overview of such actinide pressure studies has also been
iven [19].

. Computational approaches for actinides with
ocalized 5f-electrons

The most recent computational results for total energies of
tructures and an equation of state for the higher actinide metals
ddressed here were obtained by density-functional electronic
tructure calculations. Söderlind [20] and Söderlind and Landa
21,22], used an all-electron full potential linear muffin-tin
rbital method (FPLMTO) and Pénicaud [23–25] has employed
fully relativistic, all electron full potential augmented plane
ave program for americium. Calculations on curium metal

18] also used an all-electron full potential linear muffin-tin
rbital method (FPLMTO), where basis functions, electron
ensities and potentials were calculated without geometrical
pproximations. Curium presents a special case, where mag-
etic interactions are encountered [18] and these must be taken
nto account in the calculations. A slightly different computa-
ion approach has been used for americium by Savrasov et al.
26], which derived the involvement of a different set of orbitals.
n extensive discussion of computational approaches was also

ust published by Kotliar et al., which addresses current prob-
ems with computational methods [27]. High-pressure behavior
f actinides have also been approached from basic concepts
mploying analyses of physical properties, compressibility and
he distribution of electrons between inner and outer shells by
adykto and Nadykto [28] and by Nadykto [29] to arrive at

lectronic structures.

. Correlations of actinide electronic configurations

The electronic configurations of many isolated actinides in
he vapor state have been reported [1] for their ground states and
everal excited states. The configurations for the condensed state
re more complicated and are altered by different influences and
otal energy considerations. The physical state, temperature, spe-
ific phases, magnetic and electronic spin interactions all may be
ritical parameters for the electronic configurations and bond-

ng behaviors displayed by these 5f elements. Correlations of
ehavior with these specific structural parameters can often pro-
ide unique insights and understanding of the elements’ bonding
ehaviors under different conditions (Table 1).
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Table 1
Outer electronic configurations

An Gas Solida,b,c An Gas Solida,b,c

Ac 6d7s2 Same Bk 5f97s2 5f86d17s2

Th 6d27s2 “Same” Cf 5f107s2 5f96d17s2

Pa 5fx6dy7s2 5fx6dy7s2 Es 5f117s2 Same
U 5f36d7s2 5fx6dy7s2 Fm 5f127s2 Same
Np 5f46d7s2 5fx6dy7s2 Md (5f137s2) Same
Pu 5f67s2 5fx6dy7s2 No (5f147s2) Same
Am 5f77s2 5f66d17s2 Lr (5f146d7s2) “Same”
Cm 5f76d7s2 Same [Lr (5f147s2p1/2) ?]

a fxdys2 signifies an overlapping band.
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b “Same” signifies a similar configuration to that in the gas phase.
c ds2 or dsp bonding.

At the risk of oversimplification, some feeling for the differ-
nces between the configurations of gaseous atoms and those
n the solid state can be seen in the listing shown in Table 1.
ere, only the outer orbitals are indicated for the ground states

nd the “fxdys2” notation shown indicates an overlapping elec-
ronic band formulation. The term, “same” for the condensed
tate of thorium in the figure ignores the potential for some 5f-
lectron character being present. The latter situation is accepted
o occur for thorium under pressures of a megabar [30] where
xperimentally a change in structure is observed to occur.

In Table 1 it is of interest to note that plutonium is diva-
ent in its atomic state but in the solid state it is one of the

ost complex metals in the periodic table, and several of its six
ifferent phases are expected to have some degree of overlap-
ing of electronic bands with the 5f-electrons in the bonding.

ith americium, berkelium and californium, they are divalent

n their atomic vapor states, but in the condensed states are triva-
ent metals. Einsteinium and fermium are divalent in both their
tomic and condensed states. Experimental data do not exist for

ig. 2. Plot of promotion energies for f → d conversion in the two f-electron
eries of elements.

i
p
t
p
l
t
m
a
t

l
b
c
o
e
f
p

T
A

T
T
P
T
T
U
M

pounds 444–445 (2007) 63–71 65

endelevium and nobelium but one may assume they behave
ike einsteinium and fermium, as indicated by the larger vol-
mes shown for them in Fig. 1. Finally, experimental structural
ata are not known for lawrencium but it is expected to behave
ike curium; trivalent in both the vapor and condensed states.
t has been suggested that lawrencium could be unique due to
elativistic effects and assume a configuration having a single
1/2 state as indicated in Table 1. This would offer the potential
or a monovalent state, but apparently this does not occur as the
ifference in energy is too small. Some evidence from adsorp-
ion enthalpies (see later section) supports the trivalent state for
awrencium [11].

The simplified outline in Fig. 2 and Table 1 indicates the
omplexity of the actinides and their electronic behaviors. The
maller atomic volumes and more complex crystal structures of
he protactinium through plutonium metals then are attributed to
he greater degree of metallic bonding due to involvement of the
f-electrons in their bonding. In contrast, the volume and crystal
tructure of the divalent and trivalent actinides also reflect the
ifferent bonding present in them.

. Promotion energy

An important concept for these actinides and nature of their
onding is promotion energy, the energy needed to promote an
-electron to a d electron state. These promotion energies for
he two f-electron series are shown in Fig. 2. Some implications
nd/or applications for these promotion energies are listed in
able 2. The specific bonding and metallic divalency observed
or these 4f- and 5f-electron divalent metals and why americium
s not divalent like europium are explained on the basis of these
romotion energies. For the divalent metals, they are divalent due
o their higher f → d electron promotion energies, which prevent
romotion of an 5f-electron to a 6d orbital for bonding. The
atter promotion occurs to enable the formation of the trivalent
ransplutonium elements. Thus, the bonding in these divalent

etals is similar to that in the elements’ vapor states rather than
cquiring additional bonding from a promoted f-electron for the
rivalent localized f-electron metals.

For these divalent metals, the promotion energy required is
arger than the crystal energy attained by gaining an additional
onding electron, and the element remains divalent. For ameri-
ium, the crystal energy required from the additional bonding

f a third electron is larger than needed for promoting a 5f-
lectron to a 6d-state, and promotion occurs. This is not the case
or europium and it remains divalent. Thus, the concept of f → d
romotion, specifically the fn to fn−1d promotion energies, are

able 2
pplications of promotion energies correlations

he f → d energies explain the divalency of the Es through No elements
he nature/trends of vaporization enthalpies
otential for understanding pressure behavior
he reactivity of gas An + ions (“d–s states”)
he stability of monoxides (“d–s states”)
se to “track” solution oxidation potentials
ore!
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useful and important concept, which has been discussed and
ome applications for them applied [3,31,32].

In addition, there are also fnd → fn−1d2 promotion energies
3], which in principle would provide four bonding electrons
hen including available “s” orbitals, but this concept is not

ppropriate in the case of the protactinium through plutonium
lements; rather than involving promotion of f-electrons to d-
tates, the bonding of these lighter actinide elements involves
verlapping bands with the f-electrons (e.g., generating itinerant
f-electron behavior).

These promotion energies are also useful for discussing
he reactivities of gaseous actinide and lanthanide ions (e.g.,
eactions with M+) and the thermal stability of monoxides
31,32]. One can also “track” and explain the oxidation poten-
ials (E0(M3+/M2+) and E0(M4+/M3+) of the f-electron elements
sing these promotion energies [1]. Another important appli-
ation for these promotion energies is their correlation with
he variation of the enthalpies of vaporization or adsorption,
nd what role they may play in high-pressure behaviors. These
uestions are addressed in subsequent sections.

. Enthalpies of vaporization and adsorption

Enthalpies of vaporization and/or adsorption for the actinides
re thermodynamic quantities. A systematic review and discus-
ion of these and others properties appear in reviews, two being
ne by Ward et al. [4] and a more recent compilation by Konings
t al. [6]. Vapor pressure measurements together with other ther-
odynamic parameters can be used to derive enthalpies or heats

f sublimation, and such experimental measurements have been
ade for the actinides through fermium. Data for einsteinium

33] and fermium [10] were acquired through a special technique
ith alloys because of the limited materials available. A compli-
entary technique permits the determination of the enthalpies
f adsorption, which allows studies of very small quantities of
aterial. This approach has been discussed [7–9]. In essence,

he sublimation enthalpy reflects energy to vaporize while the
dsorption enthalpy looks at the energy for deposition of the

c

a
a

Fig. 3. Schematic for the experimental techniques used to de
pounds 444–445 (2007) 63–71

apor. This latter technique is very useful for the transfermium
ctinides and the transactinide elements, where the number of
toms is scarce and may involve as little as a few atoms.

These two approaches are represented in Fig. 3. Drawbacks
n the adsorption approach are the less direct thermodynamic
asis and variability of results with the material being used for
he adsorption surface. Adsorption enthalpy studies have been
eported and discussed for the actinides from curium through
awrencium elements [11].

These enthalpies can be related to the electronic configu-
ations and metallic valences of the f-electron elements, and
eflect the promotion energies that have been discussed above.
he trends or variations for both of these enthalpies are under-
tood in terms of the electronic states of the condensed and vapor
tates of the atoms; for the elements with a divalent atomic state
nd a trivalent condensed phase, the variations are essentially the
ifferences between the electronic levels of fns2 and the fn−1ds2

tates. The lower values and the similarities for the divalent
anthanide and actinide elements reflect their similar bonding
tates in the gas and condensed states. The higher enthalpies for
he thorium through neptunium elements then reflect the greater
umber of “effective” bonding electrons.

The variation of the enthalpies of sublimation for the two f-
eries is shown if Fig. 4, where estimations for mendelevium,
obelium and lawrencium are necessary due to an inability to
btain experimental data. The two values indicated for lawren-
ium in Fig. 4 depend on which electron configuration is
ccepted for it (see Table 1); very likely, its enthalpy of sublima-
ion is in line with that for curium. The trends and values obtained
or the two different enthalpies are displayed in Fig. 5. Included
n this figure are also the values estimated for the first two trans-
ctinide elements (elements 104 and 105), which presumably
ave “effective” metal valances above three. Preliminary data
or the enthalpy of adsorption for lawrencium [11] supports the

ontention that this element is trivalent and not monovalent.

Several in depth attempts [7–9] to interrelate these adsorption
nd vaporization enthalpies; such a correlation would provides
more uniform concept for evaluating electronic behavior via

termine the enthalpies of sublimation and adsorption.
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Fig. 4. Variation of the enthalpies of sublimation for the two f-electron series of
elements.

F
a

t
p
s

7

p
p
t
v
a
q
m
t
t
r
w

m
r
b
t
s
t

t
u
i
t
e
l
t
t
o
e
p
i
d
e
o

m
e
o
n
e

8

t
i
a
s
n
u
m
c
r
t
i
“
t
f
t

h
u
b
A
o
b
t
e
[
p

s

ig. 5. Comparison of the enthalpies of vaporization and adsorption for selected
ctinides and the first two transactinide elements.

hese different enhalpies. This would allow extending the com-
arisons of the f-elements with the transactinide elements, as
uggested from the data in Fig. 5.

. The effect of pressure on bonding

The change in interatomic distances and atomic volumes
lays a significant role in total energy of the system and the
articular bonding and structures that are acquired. In conjunc-
ion with Fig. 1, it was mentioned that changing the atomic
olumes should perturb the bonding, electronic configurations
nd total energies of the f element materials. For example, the
uestion becomes when the volumes of the actinide trivalent
etals are reduced to the atomic volumes displayed by the pro-

actinium through plutonium elements, what would happen with
heir bonding? Further, if the volume of a divalent metal is
educed to that of a trivalent metal, what changes in bonding
ould be expected?
It has been found that when the volumes of the trivalent ele-

ents, americium and curium with localized 5f-electrons, are
educed significantly they acquire 5f-electron character in their

onding and adopt lower-symmetry structures characteristic of
he protactinium through plutonium metals at atmospheric pres-
ure [13–16]. Thus, the 5f-electrons of several actinide metals,
heir alloys and compounds are affected greatly by pressure, due

h
A
B
f
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o the very large decreases in interatomic distances encountered
nder pressure. The latter can bring about significant changes
n the energy levels and the potential for overlap or hybridiza-
ion of electronic orbitals. In contrast to the behaviors of the
lements, changes observed with compounds are often not be
inked directly to the involvement of 5f-electrons, due in part to
he presence and bonding role of non-actinide atoms. The lat-
er effect both interatomic distances and the type of electronic
rbitals that are interacting. The changes in bonding and the
lectronic behavior of metals and alloys from the application of
ressure provide different insights into the materials than exam-
ned by other techniques and under different conditions. The
ecreasing interatomic distances occurring under pressure alter
nergy levels and certainly provide an increased potential for
verlap or hybridization of electronic orbitals.

In contrast, changes observed in compounds under pressure
ay or may not reflect the involvement or participation of the f-

lectrons. This difference with compounds reflects the presence
f the non-f element atoms and their bonding roles, which affect
ot only the interatomic f-element distances but also the type of
lectronic orbitals that can interact.

. Americium and curium under pressure

Studies with americium under pressure have probed elec-
ronic interactions and bonding as a function of decreasing
nteratomic distances. In essence, to determine if decreasing its
tomic volume would force this element to adopt the bonding
imilar to that which exists in the protactinium through pluto-
ium elements. It was determined that under pressure americium
nderwent: (a) dynamic compression and (b) structural transfor-
ations, which in some instances were accompanied by “volume

ollapses”. The two changes in (b) have been interpreted as
eflecting the onset or changes in the 5f-electron bonding in
he element. By applying pressure both the structural and bond-
ng nature of materials can be altered. Using pressure, one can
tune” the electronic band structure and the density of states at
he Fermi level, and the results can be used to correlate the dif-
erent behaviors with the electronic configurations and nature of
he elements.

The most recent experimental studies of americium [13–16]
ave shown that it undergoes three structural transformations
p to 100 GPa. The four structures associated with its pressure
ehavior have been designated as Am(I), Am(II), Am(III) and
m(IV), and this terminology has carried over to the behavior
f curium under pressure. Although curium may be expected to
ehave like americium under pressure, it has been determined
hat a unique intermediate structure and bonding behavior is
ncountered in it under pressure due to spin polarization effects
18]. The structural behaviors of americium and curium under
ressure are compared in Fig. 6.

The structural behavior of americium as a function of pres-
ure, displayed shows the first two structures Am(I), a double

exagonal close packed (dhcp) structure, space group P63/mmc;
m(II), a face centered (fcc) structure, space group Fm3m).
oth represent situations where the f-electrons are believed to be

ully localized from an experimental perspective. Both structures
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phases and three transitions for americium. The unique phase
ig. 6. The high-pressure structural behavior of Am and Cm metals up to
00 GPa.

re known to exist at atmospheric pressure and room tempera-
ure. While the fcc phase is often considered a high-temperature
hase, it is also a high-pressure phase. It can be retained at
tmospheric pressure and 25 ◦C, by quenching from elevated
emperatures at one atmosphere or higher pressures at 25 ◦C.
he fcc phase exhibits an identical atomic volume as the dhcp
hase at atmospheric pressure and 25 ◦C [38]. To a first approxi-
ation, this implies similar bonding may exist in the two phases,

erhaps differing only in small differences in the d-band content
nd in the total energy of the system.

With additional pressure, two other structures of americium
ere found: (a) an orthorhombic Am(III) structure, space group
ddd; at higher pressures a second orthorhombic Am(IV) struc-

ure, space group Pnma) [13–16]. Both of the phase transitions
ere accompanied by “volume collapses” (changes in V/V) of
% and 7%, respectively). The Am(III) structure is isostructural
ith the �-Pu structure, where plutonium is believed to have
artial itinerant (bonding) 5f-electrons. This supports that the
m(III) phase may also have acquired 5f-electron participation

n its bonding.
The Am(IV) structure is very similar to that for the α-U struc-

ure, but has a slightly distorted arrangement of a few atoms. It
s accepted that there are itinerant 5f-electrons in this structural
orm of uranium, which thus suggests that this is also the case
or americium in the Am(IV) phase The compression behavior
their “stiffness”, which reflects the degree of bonding present
n materials) of the Am(IV) phase was found to be very similar
o that in �-uranium. This would be expected if the bonding in
oth metals had similarities (e.g., some 5f-electron involvement
n their bonding).

Thus, the picture emerging from the experimental studies on
mericium is that pressure forced the delocalization of ameri-
ium’s 5f-electrons in two steps: first, partial delocalization in
m(III); then full delocalization in Am(IV) [13–16]. The ‘vol-
me collapses and their magnitudes in the volume-pressure
ehaviors are also taken as reflecting and supporting these con-

lusions.

Extrapolation of the atomic volume of Am(IV) back to atmo-
pheric pressure to (e.g., estimating the atomic volume at one

o
s
p

he high-pressure phases were retained at one atmosphere. The broken arrow
or plutonium indicates the volume change resulting from phase and bonding
hanges by heating at one atmosphere].

tmosphere for this structural form of Am) produced an atomic
olume compatible to those for the uranium through plutonium
etals at atmospheric pressure. This “adjusted” atomic volume

or americium, if it existed at atmospheric pressure, would elim-
nate the large jump in volume in going from plutonium to
mericium that is seen in Fig. 7. That is, the large difference in
olume normally encountered in going from plutonium to ameri-
ium is clearly seen as being due to differences of 5f bonding
ormally found in these elements.

.1. Experimental results—curium

Curium lies at the middle of the actinide series and has a half-
lled, 5f shell with seven electrons residing inside of a radon
ore, as opposed to the six f-electrons found with americium.

hile americium is non-magnetic given its 5f6 configuration
see later section, Bonding in Americium), curium is magnetic
nd has an experimental moment of about 8μB for its dhcp struc-
ure at atmospheric pressure. These actinides are near neighbors
n the series and both have localized 5f-electrons at atmospheric,
ressure. One may then expect that comparable phase transfor-
ations in Cm should occur at higher pressures, as its 5f-electron

ore is “pulled in” due to a greater nuclear change (increased
tomic number). It would be expected that this would require
igher pressures to force involvement of curium’s 5f-electrons
nto bonding. The stabilizing effect of a half-filled 5f state (seven
ocalized 5f-electrons) is another consideration for the stabi-
ization of its structure and with regard to delocalization of its
f-electrons. Another major difference – the effect of magnetism
18] – was an unexpected event in its pressure behavior.

Under pressures up to 100 GPa, curium displays all four of
he structures found for americium except there is one addi-
ional, unique phase observed at intermediate pressures [18].
his results in Cm exhibiting five different crystallographic
hases (four transitions) under pressure to 100 GPa, versus four
bserved for Cm has been designated as Cm(III), a monoclinic
tructure, space group C2/c [18] The behavior of Cm under
ressure is displayed in Fig. 6 for comparison with that of ameri-
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ium. The “volume collapse” observed between the Cm(II) and
m(III) transition is 4.5%, and between the Cm(IV) and Cm(V)

ransition it is 11.7%. This gives a total change of 16.2% for
urium as compared to 9% for the two changes with americium.

Thus, the picture emerging from the experimental studies
ith Cm is that pressure forced the delocalization of Cm metal’s
f-electrons in steps: first, partial delocalization occurring in
m(III) which carries over to the Cm(IV) phase; then full
elocalization is acquired in the Cm(V) phase. The volume col-
apses, their magnitudes and structures formed in the Cm III,
m IV and Cm V phases were all taken as reflecting these
lectronic changes. Further, extrapolation of the atomic volume
f the Cm(V) phase back to one atmospheric also provided a
seudo-atomic volume comparable to situation with the Am(IV)
hase and to volumes normally observed for uranium, neptu-
ium and plutonium at one atmosphere of pressure. Again, the
olume-element plot using these pseudo volumes extracted for
mericium and for curium (Fig. 7) reduces or eliminates the
arge jump in volume seen in Fig. 1 in going from plutonium
o curium. Arrows show the volumes found by the extrapola-
ions of the Am(IV) and Cm(V) phases back to atmospheric
ressure, which suggests volumes more similar to the protac-
inium through plutonium volumes. This assumes the itinerant
f-electron structures for americium and curium attained at high
ressures would be retained at one atmosphere. These extrapo-
ations provide perspectives to the importance and effects of 5f
onding in the actinides—that is, to demonstrate the significance
f 5f character in the bonding.

. Theoretical results—americium and curium under
ressure

Earlier theoretical concepts for americium under pressure
ublished were not in accord with experimental findings, how-
ver, more recent theoretical assessments of americium under
ressure [20–25] present a different perspective. These more
ecent theoretical results with regard to structural changes
re now in good accord with the experimental findings, even
n regard to the magnitude of the accompanying “volume
ollapses”. However, there are still differences between exper-
mental and theoretical outlooks concerning the interpretations
f the bonding changes that occur in americium under pressure.
hese differences are addressed in subsequent sections.

The most recent experimental and theoretical results for Cm
ppeared in the same publication [18], so there is full agreement
etween them in this report. Calculations (FPLMTO method
18]) on the total energy of Cm(II), Cm(III), Cm(IV) and Cm(V)
hases as a function of atomic volume are shown in Fig. 6.
he energy of the fcc Cm(II) phase is shown as “zero” for a

eference. The dhcp Cm(I) and fcc Cm(II) phases are nearly
dentical in energy [18], and the Cm(I) phase is not included
n Fig. 1 The figure therefore depicts the sequence observed,
tarting with the Cm(II) phase. The Cm(III) phase (line denoted

y open circles) becomes lower in energy just below a volume
f 18 Å3 (dashed vertical line); then the Cm(IV) phase (denoted
y solid circles) become stable until just below 15 Å3 (second
ashed vertical line). The Cm(V) phase has the lowest energy

t
p
a
i
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fter a volume of 14 Å3. The calculations discussed in reference
18] suggest the Cm(III) phase should be stable between 17
nd 15 Å3 – experimentally it is found between 20 and 17 Å3.
onsidering several factors in such calculations, these values are

n good agreement. The important point is that the calculations
or total energy show the correct experimental sequence only
hen all of the structures are considered with respect to magnetic

actors and the system is treated as being in an antiferromagnetic
AFM) configuration. Thus, the concept of the role of magnetism
n high-pressure energy levels is encountered in this work on
urium [18].

0. Bonding in am and cm under pressure: experiment
ersus theory

The theoretical examination of americium’s behavior under
ressure has been discussed [20–26] and the structural behavior
s in good agreement with experiment. Both density-functional
ype of electronic calculations (DFC) have been used to inves-
igate the high-pressure behavior of americium, and both of
hese theoretical results now agreed fully with the structures and
ressure–volume behaviors found experimentally [13–16]. The
ole of magnetism in the Cm III phase is a part of these compu-
ational approaches, but this concept also raises some important
nterpretative aspects. It is important to note that in the case of
mericium, its ground state (J = 0), either by Russell–Saunders
oupling (L = −S = 3) or a jj coupling scheme (six 5f-electrons
n a full j = 5/2 shell), and therefore it should not have a magnetic

oment. Nor, has a magnetic moment been observed for ameri-
ium experimentally. This would suggest that the 5f-electrons
re de-coupled from the spd bonding electrons to give a “triva-
ent” lanthanide-like metal with three bonding electrons.

From experimental data, it is known that Am(I) and Am(II)
hases have localized 5f-electrons and americium is non-
agnetic in these phases. The formation of the fcc phase can

e attributed to some change in the “d” character of the bond-
ng. Pressure can alter the relative energies of the “s” and “d”
lectronic states and therefore the degree of their involvement in
he bonding. As mentioned above, both the Am(I) and Am(II)
hases (where the Am(II) phase is either a high-temperature
hase or a high-pressure phase), can exist and be maintained
t 25 ◦C and one atmosphere of pressure [34]. In contrast, the
m(III) and the Am(IV) phases revert to Am(I) orAm(II) upon

he release of pressure. Thus, from an experimental perspective:
1) the Am(III) phase acquires 5f character (with a volume col-
apse; it is isostructural with �-Pu, known to have f-bonding);
2) the Am(IV) phase acquires additional or full 5f-electron con-
ributions to its bonding (a larger volume collapse is observed;
his phase has a structural similarity to that of α-uranium.

Pènicaud [23–25] determined that in order to obtain the
xperimentally observed pressure behavior for americium it was
ecessary to invoke magnetism and relaxed structures. In this
ay, excellent agreement could be obtained with the experimen-
al structures for americium and their appearance with specific
ressures. The important conclusions of this theoretical effort
re that the 5f-electrons in Am(I), Am(II) and Am(III) are local-
zed, and that it is only in the Am(IV) phase that the 5f-electrons



7 d Com

a
a

[
o
w
i
c
t
t

a
p
f
B
e
i
L
t
t
p

m
e
a
b
s
a
t

c
b
r
f
a
s
c
r
i
m
t
t
t
i
a

A
e
a
B
u
5
a
t
t
C
i

t
v
t
m
i
l
s
c
t
f
s
(

1

b
s
i
u
[
m
s
s
a
a
s
s
m
E
r

1

e
i
U
t
b
p
a
a

a
b
e
t
e
p
d
a

0 R.G. Haire / Journal of Alloys an

re fully delocalized. This conclusion conflicts with the position
rrived at from experimental considerations.

In the work by Söderlind [20] and by Söderlind and Landa
21,22], calculations were undertaken for the pressure behavior
f americium. In this recent work site magnetism for americium
as also employed and excellent agreement of structural behav-

or was obtained with the experimental findings. The important
onclusions reached from these theoretical efforts were: (1) that
he 5f-electrons are partly delocalized in the Am(III) phase; (2)
hey are fully delocalized in the Am(IV) phase.

Thus, some differences are found in the computational results
nd experimental conclusions regarding the Am(II) and Am(III)
ressure phases. Conclusions from Söderlind and Landa [21,22]
or the Am(III) phase is thus in conflict with Pènicaud’s [23–25].
ut, the conclusions based on theoretical and experimental
fforts are in accord concerning the occurrence of full delocal-
zation of the 5f-electrons in the Am(IV) phase. Söderlind and
anda [21,22] concluded that at even higher pressures, beyond

hose obtainable presently in experimental work, that a body cen-
ered cubic (bcc) structure of americium should form at higher
ressures.

Experimentally, the Am(I) and Am(II) phases do not display
agnetic moments while theoretical treatments suggest they

xist in these phases and decrease when advancing to the Am(III)
nd Am(IV) structures. It is important to note that the magnetic
ehavior of the Am(III) and Am(IV) phases have not been mea-
ured experimentally and as the bonding situation changes from
localized f6 state, the magnetic state may change until all of

he 5f-electrons are itinerant (e.g., as in the Am(IV).
Many of the same considerations discussed above for ameri-

ium under pressure can be applied to curium’s pressure
ehavior. The appearance of the additional Cm(III) phase
equires an additional consideration. The experimental findings
or Am(I) and Am(II) and these two forms of curium (which
lso can be retained at one atmosphere and at 25 ◦C) are the
ame for both metals. That is, Am(II) and Cm(II) phases both
an be quenched (temperature and/or pressure quenching) and
etained at 25 ◦C and atmospheric pressure [35]. Therefore, it
s reasonable that bonding in both the Cm(I) and Cm(II) phases

ay involve the same bonding or at least very similar (as in
he case of Am(I) and Am(II) forms) and that from experimen-
al perspectives, there may not be 5f-electron involvement in
he bonding of these structures. Structurally and thermodynam-
cally, there is very little difference in the energies of the dhcp
nd fcc phases for these two elements.

However, in contrast to the situation with the Am(I) and
m(II) phases, both Cm(I) and Cm(II) are magnetic and have

xperimental moments in the range of 7–8μB, as expected for
half-filled 5f shell with full polarization and R-S coupling.
ut, the Cm(III) phase is both unique and interesting, as its
nique structure is stabilized by the spin polarization of its
f-electrons [18]. Curium is one of only a few elements (iron
nd cobalt being two others) that has this property. Calcula-

ions [18] for the behavior of curium under pressure indicate
hat the moment decreases and reaches a value of ∼4μB at the
m(III) to Cm(IV) transition. This finding supports the initial-

zation of 5f-electron involvement in the bonding together with

h
b
p
a
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he formation of the Cm(III) phase, and is in accord with the
olume collapse (4.5%) observed in the transition from Cm(II)
o Cm(III). For the Cm(IV) to Cm(V) transition, the calculated

agnetic moment disappears, suggesting full delocalization of
ts 5f-electrons. Experimentally, a greater (11.7%) volume col-
apse is observed at this Cm(IV) to Cm(V) transition, also
upporting that a major change in bonding. The same conclusion
oncerning 5f-electron delocalization in americium was reached
heoretically for the comparable Am(III) to Am(IV) transition
ound experimentally. These additional volume collapses further
uggest that the 5f-electrons of the Fddd phase for both metals
Am(III) and Cm(IV)) are not yet fully delocalized.

1. Other aspects of americium under pressure

The resistivity behavior of americium under pressure has also
een measured [35,36] but given the nature of the experimental
ystem, pressures were limited to less than 30 GPa in these stud-
es. The earlier efforts [35] did not examine the behavior of Am
nder pressure in magnetic fields, as done in the second study
36], which also considered theoretical aspects of the experi-
ental resistivity changes observed. In this latter work it was

uggested that at ∼16 GPa (prior to the Am(III) to Am(IV) tran-
ition), the 5f-electrons of Am were still not fully delocalized, in
ccord with both the experimental from structural considerations
nd theoretical results based on magnetic moments on specific
ites. The resistivity results were also discussed in terms of the
uperconductivity of Am, which was first found and reported
any years ago at low temperatures at one atmosphere [37].
xperimental studies of the resistivity of curium under pressure

emains to be performed.

2. Summarizing comments

Modern experimental and theoretical approaches have
xplored the changing roles of f-electrons in materials, advanc-
ng the knowledge and understanding of these systems.
nderstanding their pressure behavior has contributed greatly

o the advancement of their science. While some differences
etween theory and experiment remain, there is increasing com-
atibility, not only for americium and curium but also other
ctinide elements as well. Hopefully, there will be further
dvances in this regard in the future.

Computational capabilities have become improved overall,
nd in the arena of high-pressure, it is possible to calculate
ehaviors at much higher pressures than presently attainable
xperimentally by static diamond anvil cell technology. But,
here still exist some computational limitations [27]. Thus,
xperimentalists are now challenged to advance studies to higher
ressures, to explore the reality of the predictions and acquire the
etails of the predicted changes under extremely high pressures
s proposed by theory.

Overall, multiple experimental studies of the f elements

ave offered multiple insights into the electronic configurations,
onding and energy levels of f-electron metals, alloys and com-
ounds. Theoretical computations have been an important aid
nd offer guidance in understanding these complex elements.
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