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Energy position of the Sf level in americium metal
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The energy position of the Sf level relative to the Fermi energy is calculated for the trivalent actinide
metals and compared with recent photoemission experiments for americium. Also, the energy position of
the (shakedown) satellite relative to the main 4f7~2 core-level line in americium is calculated.

During the last decade it has become increasingly clear
that the Sf electrons are itinerant (metallic) for the earlier
actinide metals (protactinium, uranium, neptunium, and
plutonium). ' 9 One important piece of evidence for such a
behavior has been obtained from photoelectron spectroscop-
ic experiments on U (Refs. 10—12) and Pu (Refs. 13 and
14), where the measured valence-band density of states
clearly demonstrates that the occupied 5f orbitals have ener-
gies that extend all the way up to the Fermi level. " It has
been suggested ' that as a function of atomic number a
Mott transition of the 5f electrons takes place between plu-
tonium and americium, and that a localized rare-earth-like
behavior of the Sf electrons begins in the actinide series for
the metals beyond plutonium. ' This picture led to the pre-
diction of superconductivity in americium, ' which was later
verified experimentally by Smith and Haire. ' Also detailed
theoretical calculations have supported this localization pic-
ture for americium. Very recently, photoelectron spectro-
scopic studies have been performed for the americium met-
al." In these experiments it was found that the Sf level is
indeed withdrawn from the Fermi energy. This type of elec-
tron spectrum is very well known from studies of the rare-
earth metals, ' and the results by Naegele, Manes, Spirlet,
and Miiller'7 provide a direct verification of the Sf localiza-
tion in americium. In the present Rapid Communication we
will present theoretical calculations for some of the features
obtained from the americium x-ray and ultraviolet pho-
toelectron spectroscopy (XPS and UPS) spectra.

When the Sf electrons are localized, they are expected to
behave just as the 4f electrons in the lanthanide metals and
should, therefore, be considered as inert as far as the
cohesive properties are concerned. For the lanthanide met-
als the experimental position of the 4f level relative to the
Fermi energy is now well understood. ' This theoretical
understanding has been achieved by application of the com-
plete screening picture for the final state in the excitation of
a localized core electron. ' The meaning of this model is
that the conduction electrons respond to the disturbance
produced by the photoionization process in such a way as to
give a screened charge-neutral final state at the core-excited
site. Therefore, if the initial state of the metallic site to be-
come photoionized has a Sf"[6d7s] configuration (where
the square brackets denote the metallic state of the "sd"-
valence band and Sf" stands for a localized configuration),
the final state of this site after a Sf electron ionization be-
comes Sf" '[6d7s]~. Effectively the atom subject to Sf
electron photoionization has become converted from a
trivalent to a tetravalent metallic state. It should be kept in
mind, however, that the tetravalent final state resides in a
surrounding of trivalent metal atoms; i.e., it is an impurity
in the otherwise perfect trivalent metal. Therefore, the Sf

binding energy relative to the Fermi energy e(f ep) can
be written as

e(f 6F) = EEnt IV+ Etv (III)

The first term AEl~l~v describes the energy required to
transform the trivalent site (in a trivalent surrounding) into
a tetravalent site (in a tetravalent surrounding). Since the
final state is a tetravalent impurity in a trivalent host, we
have to include the heat of solution, Ejv~ (III), of a substi-
tutional tetravalent metallic atom in the trivalent host. The
formula for the f photoionization energy in Eq. (1) has
been applied to the rare-earth metals and a very good agree-
ment with experiments was found for all of them. In that
study it was also noticed that the impurity term in Eq. (1)
only has a minor influence on the excitation energy and for
the present investigation of the rare-earth-like trivalent ac-
tinides we will, to begin with, neglect this term. What
remains to be calculated is then just the energy difference
between the trivalent and the (hypothetical) tetravalent
state, AE~ll Iv. In a different context, this quantity has been
considered in some detail in Ref. 7, where it was found that
b Eat ~v(Am) = 50 kcal/mol, b E~D ~v(Cm) = 74 kcal/mol,
~Em, &v(Bk) = 34 kcal/mol, and EEnt, rv(Cf) = 56 kcal/mol.
From this we directly obtain from Eq. (1) the following po-
sition of the Sf level relative to the Fermi energy (for the
lowest final-state multiplet level), e(f eF) (Am) = 2.2
eV, e(f e~)(Cm) =3.2 eV, e(f eF)(Bk) =1.5 eV,
and e(f eF)(Cf) =2.4 eV. The corresponding experi-
mental value for Am was found to be 1.8 eV,"which is in
fairly good agreement with our calculated value of 2.2 eV.
The impurity term in Eq. (1) was for the trivalent rare-earth
metals found to be about —0.2 eV, and is likely to be very
similar for the rare-earth-like trivalent actinide metals.
Adding this correction to the calculated value for the 5f po-
sition in americium, we obtain a good agreement with the
experimental data.

It should, however, be noted that the interpretation of the
experimental UPS data for americium is not quite straight-
forward. Thus, the calculated line shape" for the 5f Sf'
photoionization process cannot directly be fitted to the UPS
data. The low-resolution Mg En XPS valence-band spec-
trum shows a strong 5f peak with a maximum at 2.8 eV.
Accounting for the final-state multiplet distribution this
wou1d give the lowest level at approximately 2.2 eV, which
is also in good agreement with our calculated value. In the
high-resolution UPS valence-band spectrum a peak at 1.8
eV is clearly resolved. It has been suggested that this could
be due to a signal from a divalent surface layer, ' i.e.,
from a process of type 5f7 5f6. The increased surface
sensitivity of UPS relative to XPS supports this interpreta-
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tion as well as the peak position. On the other hand, the
cohesive energy for americium is 68 kcal/mol, which
should be compared with 49 kcal/mol for samarium and 56
kcal/rnol for thulium. Since samarium has a divalent sur-
face but thulium not, this seems to suggest that americi-
um should have a stable trivalent surface. As an alternative
explanation for the 1.8-eV peak we propose that it might be
due to a multiplet component of a Sf screened final state of
similar nature as the low-energy structure obtained in pho-
toemission experiments on y cerium. The remaining part
of the Sf UPS spectra would then be due to a superposition
of bulk and surface signals, where the surface-derived struc-
tures should have a higher binding energy of about 0.5 eV
than the corresponding bulk features.

It is of special interest to note the comparatively low
value of AE~~~~v for berkelium. Due to this, it was suggest-
ed ' that under compression the berkelium metal will under-
go a valence change from trivalent to tetravalent behavior
for a pressure somewhat higher than 200 kbar and that only
later the Sf electrons will delocalize. However, in recent
high-pressure experiments" on berkelium the o, -uranium
structure has been identified above 250 kbar, and the gen-
eral behavior of the pressure-volume curve suggests that the
Sf delocalization transition precedes the valence change
(which then loses any meaning). Apparently the pressure
dependence of the energy position of the Sf level relative to
the Fermi energy is less pronounced than hoped for in Ref.
31. The relatively low value of e(f eF) suggests that the
electronic structure of berkelium intermetallic compounds
with late d transition elements like rhodium or ruthenium
might be of special interest.

Another most noticeable feature of the experimental XPS
spectra for americium is the almost symmetric line shape of
the 4f core levels, '7 which is in sharp contrast to the strong-
ly asymmetric 4f line in the uranium metal. " This experi-
mental finding strongly supports that the Sf level in americi-
um has been withdrawn from the Fermi level. A similar
behavior has, for example, been observed" for the 3d core-
level line shape of Pd in Cu~ „Pd„alloys, which in pure Pd
is strongly asymmetric but becomes almost symmetric when
x ( 0.5. This is also the concentration for which the Pd 4d
valence level has become essentially filled and no longer ex-
tends markedly up to the Fermi level.

A further very significant feature of the 4f core-level
spectrum of Am is the observation of a "shakedown" satel-
lite at 4-eV lower binding energy than the main 4f7t2 line.
This is very similar to what has been observed for the 3dy2
line in La, Ce, Pr, and Nd (Ref. 34) and again confirms the
rare-earth-like behavior of americium. In contrast, one has
for Th (Ref. 35), U (Ref. 36), and Pu (Ref. 14) observed
shake-up satellites in the 4f core spectra. Thus, the pro-
posed change between main line and satellite as one
proceeds through the actinide series seems to have been
confirmed experimentally. Here, we will calculate the posi-
tion of the satellite relative to the main line in Am. Doing
this, we apply the same method as was previously used for
the satellites in the earlier lanthanide metals. For the
main line with conduction electron screening the final-state

configuration is 4f"Sf6[6d7s]", where the asterisk denotes
a hole in the 4f core level. The shakedown satellite is as-
sumed to be due to a complete screening in the Sf orbital
instead of the "ds"-valence band. This then corresponds to
a 4f'Sf'[6d7s]' final state. It follows immediately that the
energy difference between the satellite and the main line is
just the Sf'[6d7s]' Sf'[6d7s]~ excitation in the presence
of a 4f hole. It is, however, well known that the effect of a
core hole might be quite well simulated by a (Z+ 1) re-
placement. Therefore, the required energy difference has a
direct correspondence to the Sf7[6s7d]~ Sf6[6d7s]4 exci-
tation in the curium metal, which above was calculated to
be 3.2 eV. This is in relatively good agreement with the ex-
perimental value of 4 eV for the satellite position in Am. '

However, it is also possible to calculate a correction to the
(Z+1) approximation. This can simply be done by per-
forming an atomic ASCF (self-consistent field) calculation
for the excitation Sf'6d7s2 Sf 6d27s2 in curium and
4f"Sf'6d7s' 4f"Sf 6d 7s' in americium. In the metals
these excitation energies will become renormalized in an al-
most identical way. Thus, the correction calculated for the
atom will be essentially the same for the metallic state. This
method to improve on the (Z+ 1) approximation was ear-
lier successfully applied to the 3d satellites in the lighter
lanthanide metals. For the present case the atomic calcu-
lation shows that the 5f level is more bound in Am (with a
4f hole) than in Cm, the difference being about 0.8 eV.
From this the relative position of the shakedown satellite to
the main line in americium metal is calculated to be
3.2+0.8=4.0 eV. Accounting for the impurity term of the
tetravalent site, we should reduce this nurgber somewhat, to
about 3.8 eV, which is close to the experimental value.

In conclusion, we want to stress the significance of the
experimental XPS and UPS photoemission spectra of ameri-
cium" in that they clearly demonstrate the rare-earth type
of electronic structure of this metal. The previously found
superconductivity, ' the low electronic specific heat, ' and
the double-hexagonal close-packed crystal structure and the
comparatively high equilibrium volume all have the same
implication. These evidences taken together give a very
consistent picture of the fact that the Sf electrons are local-
ized in americium as opposed to the itinerant Sf electrons in
plutonium. The presently found good agreement between
some calculated electronic structure properties and experi-
ments for americium gives additional support to this view.
From the fundamental change in the Sf electron behavior
between plutonium and americium it is evident that high-
pressure experiments on americium are of particular im-
portance. 7 Especially, high-pressure work in the low-
temperature region should be most useful for the detailed
understanding of the delocalization process (Mott transi-
tion) derived from the theoretical calculations in Ref. 9.
High-pressure work at room temperature has already shown
that above 110 kbar the crystal structure of americium be-
comes quite complex ' and at 160 kbar it has been in-
dexed as the n-uranium structure. ~ This gives strong
evidence for that the 5f states have become itinerant in this
pressure range.
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