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Delocalization and new phase in americium: Density-functional electronic structure calculations
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Density-functional electronic structure calculations have been used to investigate the high pressure behavior
of Am. At about 80 kbar~8 GPa! calculations reveal a monoclinic phase similar to the ground state structure
of plutonium~a-Pu!. The experimentally suggesteda-U structure is found to be substantially higher in energy.
The phase transition from fcc to the low symmetry structure is shown to originate from a drastic change in the
nature of the electronic structure induced by the elevated pressure. A calculated volume collapse of about 25%
is associated with the transition. For the low density phase, an orbital polarization correction to the local spin
density theory was applied. Gradient terms of the electron density were included in the calculation of the
exchange/correlation energy and potential, according to the generalized gradient approximation. The results are
consistent with a Mott transition; the 5f electrons are delocalized and bonding on the high density side of the
transition and chemically inert and nonbonding~localized! on the other.
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I. INTRODUCTION

Americium belongs to the series of actinide metals. Th
elements have received considerable interest because of
nuclear properties but also because of their fascina
ground state electronic properties. The latter are perhaps
illuminated by their crystal structure and atomic volum
behavior.1 The crystal structures of the actinides are differe
from almost any other metal in the periodic table. Althou
the first two actinides, Ac and Th, have the fcc crystal str
ture, the crystal structures of the next four, Pa, U, Np, a
Pu, show an increasing complexity, with plutonium attaini
a monoclinic~16 atoms/cell! structure. Continuing in the ac
tinide series a most peculiar observation is made; Am~next
to Pu! has a close-packed crystal structure~dhcp! similar to
the structure of the rare-earth metals and not at all simila
the open and low symmetry structures exhibited by the p
ceding actinides. The metals beyond Am also follow the
ample of Am with high symmetry and close-packed stru
tures. Hence, the trend in the crystal structures is comple
broken down between Pu and Am. As regards the ato
volumes, the behavior of the light actinides, up to Pu,
similar to that of the nonmagneticd transition metals; the
atomic volume decreases in a parabolic manner2 as we pro-
ceed through Th, Pa, U, Np, and Pu. Actually, the volume
Pu is almost identical to that of Np. Again, we find a com
plete breakdown of this trend when continuing through A
Bk, and Cf. The atomic volume of Am is about 40% larg
than that of Pu and the following metals have also a m
lower density than U, Np, and Pu. Thus, the trends of t
important ground state properties, the crystal structure
the atomic volume, display a most obvious interruption b
tween Pu and Am. Americium and the metals beyond form
second rare-earth series. Another key distinction between
PRB 610163-1829/2000/61~12!/8119~6!/$15.00
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itinerant and localized regimes could be attributed to the p
sible formation of magnetic moments on thef-electron sites.
Generally, the localized phase of anf-electron metal shows
magnetic ordering at low temperatures according to Russ
Saunders coupling for a free ion. However, for Am, t
f 6(J50) ion configuration cancels the magnetic moment
that the localized phase cannot be distinguished from
itinerant phase by considering their respective magn
properties.

The actinide metals are the first elements to populate
5 f orbitals in the periodic table. None of the electrons in A
occupy a 5f state but the next element, Th, has a no
negligible amount of filled 5f states.1,3 Proceeding through
the actinide series the 5f occupation increases by about on
electron per element and Pu has a total of about five and
about six 5f states filled.1 The experimental observation
outlined in the previous paragraph could best be explai
by a dramatic change in the electronic structure between
and Am. Specifically, it is believed that the 5f electrons of
the lighter actinides, Th–Pu, have metallic or itinerant ch
acter greatly influencing the bonding characteristics, wher
for the heavier actinides, Am and on, the 5f electrons are
localized and of minor importance for the chemical bon
between atoms in the solid. This makes sense because,
the crystal structures of Am, Bk, and Cf are very similar
the rare-earth crystal structures, which in turn have b
shown to originate from the bonding characteristics of thed
electrons.4 Secondly, the parabolic decrease of the atom
volume of the actinides up to Pu could be understood fr
consecutive filling of bonding~itinerant! 5 f states, gradually
increasing the interatomic bonds through Th–Pu, wher
the jump in volume to Am could be explained by the r
moval of some of the 5f contribution to the chemical bond
ing between the atoms. Hence, there is a transition betw
8119 ©2000 The American Physical Society
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8120 PRB 61PER SÖDERLIND et al.
Pu and Am that originates from a localization of thef
electrons,5 a so-called Mott transition. In fact, it has bee
argued6 that such transitions already take place, partially
completely, in the phase diagram of Pu. At higher tempe
tures and expanded volumes a fcc phase~d! of Pu shows
similarities to botha-Pu and Am, and this may signal a Mo
transition within Pu’s phase diagram initiated by extern
parameters~pressure and temperature!. This is to some ex-
tent in line with the picture of a Mott transition in Am~de-
localization of the 5f electrons!, induced by external pres
sure. Experimentally this has also been suggested
connection with the discovery of a low symmetry phase
Am at elevated pressure.

The experimental situation has been somewhat confu
for Am, arising from discrepancies in x-ray experiments. T
equilibrium dhcp, structure~AM I ! has not been a subject o
controversy, but the second phase~AM II !, fcc, has been
observed at different pressures. Akellaet al.7 found a 50%
mixture of dhcp and fcc at 52 kbar~5.2 GPa! and only fcc at
65 kbar. Roofet al.,8 observed the same structural changes
similar pressures. Benedictet al.,9 on the other hand, ob
served the dhcp up to 65 kbar. For the third phase, Am
both Akella and Roof reported some variant of a monocli
structure~a9! and they both suggested that AM IV had a
orthorhombic sturcture~a8, a-U!. Later, Benedict and
Dabos10 observed dhcp up to 90 kbar and fcc at 95 kb
Benedict also reported the AM IV phase as an orthorhom
structure ~a-U! at about 150 kbar.11 In this latter
publication11 various results for the bulk modulus and i
pressure derivature were quoted and an average ofB0

5294 kbar andB0853.0 was calculated. These are the e
perimental results we have quoted in Table I. Even thou
there seems to be an experimental agreement regarding
IV, the third phase of AM~Am III ! has proven to be very
difficult to characterize and several structures have been
posed for this phase. Different monoclinic structures, trig
nal distorted fcc, and orthorhombic structures have all b
suggested for Am III.7–10 Benedict11 concluded from his
measurement that the Am III→Am IV transition took place
at 150 kbar~15 GPa!.

The motivation for the present study is mainly twofol
First, we believe that the new phase in Am propos
experimentally8,11 ~a-U! is questionable. Recently12 the com-

TABLE I. A compilation of EOS data for americium. The equ
librium volume is given in Å3 and the bulk modulusB in kbar. fcc
results are obtained from spin polarized calculations including
bital polarization (GGA1OP) and with the 5f electrons treated a
core electrons (5f in core!.

Crystal structure V0 B B8

fcc (GGA1OP) 25.1 430 2.9
fcc (5f in core! 26.6 460 3.4

a-Pu 16.9 1790 8.0
a-Np 17.0 1990 5.8
a-U 17.1 1540 5.7
a9 17.8 1210 6.4
bcc 16.5 1560 6.5

dhcp ~expt! 29.3 400–450 6.0
fcc ~expt! 29.3 294 3.0
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plex structures of the actinides were analyzed in terms o
simple model involving Pettifor’s structural energy diffe
ence theorem.13 These model calculations suggested tha
likely candidate for the new phase in Am would be t
monoclinic structure ofa-Pu whereas the orthorhombica-U
structure was less likely. In the present study we calcu
the total energy for several crystal structures, including th
of a-U anda-Pu, in order to investigate this aspect furthe
Secondly, previous attempts at describing the Mott transit
in Am from first-principles theory14,15 have been less satis
factory in reproducing the details of the experimental data
the present study we use improved theory with better
proximations for the exchange/correlation energy and po
tial and we also introduce an orbital polarization~OP! cor-
rection to the exchange/correlation functional.16,17 This
scheme@generalized gradient approximation~GGA!1OP]
was applied18 for the Mott transition in Pr and compare
favorably with self-interaction corrected local spin dens
theory ~LSD-SIC! and experiments. Generally, densit
functional calculations with a local spin density approxim
tion are not able to accurately account for electron corre
tions that lead to localization effects of the electron
structure. This is a challenging problem and many attem
have been made to correct for this.

The localized~low density! phase of Am is here treated i
the fcc crystal structure because this structure has been
termined experimentally11 for moderate pressures of Am an
the body of experimental data is consistent for this structu
The transition from dhcp to fcc has been shown to be rela
to the d-band occupation in Am and involves only a fe
meV, and we do not consider this transition here. In the
scheme the 5f localization is associated with the onset of
nearly saturated magnetic spin and orbital moment. The s
polarization energy is included in the LSD approximati
and does not constitute a serious problem. The orbital po
ization, however, is an effect that is present in open-sh
Hartee-Fock theory and not in the LSD approximation. He
this effect is included through an energy shift of th
5 f $ l ,ml ,s% orbital equal to2LsmlEs

3, whereLs is the or-
bital moment for spin channels andEs

3 is the Racah param
eter. When calculating the total energy an amount
21/2Es

3Ls
2 is added to correct for double counting. The f

phase of Am was treated in this way, whereas the calc
tions for the other structures of Am were paramagnetic w
no spin or orbital moments.

The following sections contain computational details,
sults, and a discussion.

II. CALCULATION DETAILS

The total energy for the fcc, bcc, bcm (a9), a-U (a8),
a-Np, anda-Pu structures19 of americium was calculated a
a function of volume. Thea-U structure is orthorhombic
with axial ratiosb/a52.05 andc/a51.76 and an interna
parametery50.1125. For this phase we made an effort
optimize these three parameters. Theb/a was first opti-
mized, and for that optimized value, thec/a was optimized.
In a third step the internal parametery was optimized. As a
final stepb/a and c/a were again allowed to relax for thi
newy. Thea9 structure is a body centered monoclinic stru
ture for which we chosec/a51.53 andb/a51.03 with the

r-
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angleb between thea and c axis equal to 92°. This is the
same structure as was proposed by Olsenet al.20 in the phase
diagram of cerium. Thea-Np structure is orthorhombic
~b/a54.72, c/a51.03) with eight atoms per unit cell an
the most complex,a-Pu, structure is monoclinic with 16 at
oms per unit cell. For these calculations we used the
potential version of the linear muffin-tin orbital method.21

This electronic structure method is an implementation
density-functional theory as applied for a bulk material. It
a first-principles method; no experimental numbers are u
in the calculations except for the nuclear charge, which is
for Am. The approximations in this approach are limited
the approximation of the exchange/correlation energy fu
tional, cutoffs in the expansion of basis functions,k-point
sampling in integrations over the Brillouin zone, and t
Born-Oppenheimer approximation. For the exchan
correlation approximation we used the generalized grad
approximation which has proven to be better forf-electron
metals than the more commonly used local density appr
mations. In all calculations we used two energy tails ass
ated with each basis orbital and for 6s,6p, and the valence
states (7s, 7p, 6d, and 5f ! these pairs were different. With
this ‘‘double basis’’ approach we used a total of six ener
tail parameters and a total of 12 basis functions per at
Spherical harmonic expansions were carried out thro
l max56 for the bases, potential, and charge density. The s
pling of the Brillouin zone was done using the spec
k-point method22 and the number ofk points we used was
175 ~fcc and bcc!, 75 (a9), 52 ~a-U!, 72 ~a-Np!, and 16
~a-Pu!. Hence, the calculation for Am in thea-Pu structure
was identical to the calculation we performed for plutoniu
recently,23 with the exception of the atomic number~95 in-
stead of 94!. Total energy calculations were carried out f
each crystal structure as a function of volume. These e
gies were then fitted to a Murnaghan equation of state~EOS!
which enabled us to calculate the Gibbs free energy

G5E1PV2TS5H2TS ~1!

for the considered structures of Am. HereH, S, andE are the
enthalpy, entropy, and internal energy of the system. In
calculationsT50 andE is the total~electronic! energy. A
phase transition between the two phases occurs if their G
free energy coincides for a given pressure. Using the E
~pressure as a function of volume! for the two phases, we ar
able to calculate the volume collapse associated with
transition.

III. RESULTS

Our main results are shown in Fig. 1. Face-centered cu
Am is calculated allowing for both spin and orbital polariz
tion (GGA1OP) whereas the calculation of the other stru
tures assumes spin degeneracy. As can be seen immedi
the experimentally suggesteda-U phase is considerabl
higher in energy than thea-Pu phase, and even the bcc stru
ture is lower in energy. This indicates that this structure
incompatible with the calculated electronic structure of A
and it seems to be a very unlikely candidate for a delocali
phase in Am. This conclusion is supported by calculatio
aimed at optimizing theb/a, c/a, andy parameters of this
orthorhombic structure. This optimization lowers the min
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mum energy by about 7.5 mRy/atom~not shown! and intro-
duces a large distortion of the cell. New optimized values
the parameters areb/a51.75,c/a51.75, andy50.10. This
large distortion suggests that thea-U structure is mechani-
cally very unstable for Am and therefore not a candidate a
stable phase. The relaxation brings the orthorhombic~now
very different froma-U! structure close to the bcc structur
but nowhere near thea-Pu structure. The transition to th
lowest energy structure, the monoclinic~a-Pu! structure, is
calculated to occur at about 80 kbar~8 GPa! and the volumes
are 21.8 Å3 and 16.3 Å3 for the fcc and the monoclinic
phase, respectively. The transition pressure is somew
lower than the values~150–175 kbar! previously suggested
by experimental work.11 The calculated 25% volume col
lapse is somewhat lower than what has been calcula
previously15 ~34%!, where thea-U structure was assumed t
be the high pressure structure, but considerably larger t
the experimentally observed volume collapse between Am
and Am III.11 In Fig. 2 we show the corresponding EOS f
our total energy calculations as obtained from our M
naghan fits. Together with these results we also plot so
experimental data.8,11 The theoretical curves are fcc an
monoclinic ~a-Pu!, respectively, whereas the experimen
data represent Am I~dhcp!, Am II ~fcc!, and Am III (a9).
The pressure is plotted as a function ofV/V0 for all data. The
theoreticalV0 depends upon which phase is considered,
here we decided to choseV0526.85 Å3, which is rather
close to our~fcc in core! calculation~see below!. This is also
the theoretical equilibrium volume obtained from spin pola
ized GGA calculations~not shown! of dhcp Am and there-
fore seems to be an appropriate choice. The quantitative
havior is very similar between theoretical and experimen
data. Close to the theoretical transition pressure, 80 kbar
fcc calculations agree very well with experimental Am
~fcc! data as does oura-Pu calculation with experimenta
Am IV ( a8) data. At lower pressure~close to zero! there is a
discrepancy between theory and experiment that is rathe
rious. The equilibrium volumes, bulk moduli, and pressu

FIG. 1. Total energies~161046 Ry/atom! for Am in the bcc,
fcc, a9 ~bcm!, a-U, a-Np, anda-Pu structures. The fcc phase
calculated using spin and orbital polarization. The other structu
are calculated assuming spin degeneracy. The ratios betwee
crystal structure parameters for thea9, a-U, a-Np, anda-Pu struc-
tures are kept equal to their equilibrium values for Ce~proposed!,
U, Np, and Pu.
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derivative of the bulk modulus are give in Table I. The f
(GGA1OP) calculation gives an equilibrium volume to
low compared to the experimental dhcp equilibrium volum
For comparison, we corrected for this discrepancy in
equilibrium volume by shifting the total energy curve so th
B and B8 were unchanged but the equilibrium volume w
identical to the experimental value 29.3 Å3 ~not shown!. In
this case, the Mott transition already occurs at about 44 k
and the volume collapse increases to about 40%. Hence,
rection for this discrepancy does not improve our theoret
agreement with experiment. It is unclear how to compare
theoretical transition pressure~80 kbar! with experimental
data because there is a large hysteresis in the experimen
may be interpreted that our transition occurs too early at
kbar. This might be due to an underestimated total ene
gain associated with the localization of the 5f electrons in
our calculations. Therefore, in another comparison, we a
ficially lowered the total energy curve for the (GGA1OP)
calculation by 14 mRy~0.2 eV! and this resulted in a trans
tion pressure close to 150 kbar~15 GPa! with, still, a con-
siderable 20% volume collapse. The calculated~GGA! zero-
temperature equilibrium volumes of Ce and lig
actinides24,25 ~Th–Pu! are on average about 7% smaller th
measured room temperature data. It therefore seems li
that the itinerant monoclinic phase~a-Pu! of Am also has too
low a calculated equilibrium volume in the present calcu
tions. The equilibrium volume is calculated to be 16.9 Å3. If
we introduce a correction so that the monoclinic phase
tains a 7% larger equilibrium volume, we instead obtain
transition pressure of about 100 kbar~10 GPa! and a volume
collapse of about 18%. This correction gives a somew
better agreement with experiment for the transition press
whereas the calculated volume collapse is rather insens
to this correction.

Experimentally8,11 an orthorhombic~a-U! structure at
about 150 kbar~15 GPa! was proposed in Am. In our calcu
lation this orthorhombic structure~with b/a,c/a, and atomic
coordinatey set equal to their equilibrium values for ura
nium! is substantially higher in energy than the monoclin

FIG. 2. Equation of state as obtained from Murnaghan fits to
total energies for fcc and monoclinic~a-Pu! structures. Results in
dicate a volume collapse of 25% at 80 kbar~8 GPa! pressure from
the fcc to the monoclinic phase.
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phase, and provided our description of the electronic str
ture is accurate, we therefore rule out the orthorhombic ph
in the high pressure/low temperature phase diagram of A
If, hypothetically, a transition to thea-U phase took place
completely neglecting the monoclinic~a-Pu! phase, the tran-
sition is calculated to occur at about 200 kbar~20 GPa! ac-
companied by a volume collapse of about 21%.

In Table I we summarize our EOS data for the calcula
crystal structures. The Murnaghan fit of fcc Am gave a bu
modulus~B! of about 430 kbar~43 GPa! and aB8 equal to
2.9. The equilibrium volume is too low, only 25.1 Å3 com-
pared to the observed volume of 29.3 Å3, but the bulk modu-
lus is in rather good agreement with experiment. Our cal
lations underestimate the equilibrium volume by about 14
which may indicate that the 5f contribution to the chemica
bond is overestimated in our GGA1OP scheme at lowe
pressures. The large discrepancy for the equilibrium volu
is a serious failure of the theory, but is consistent with t
results found for Pr recently,18 where the difference betwee
theory and experiment for the equilibrium volume was ab
14%. It is possible to remove most of the 5f bonding by
putting these electronsad hocas core electrons. In Fig. 3 w
compare calculations for fcc Am (GGA1OP) with nonpo-
larized ~GGA! calculations with the 5f electrons treated a
core electrons (5f in core!. The (5f in core! calculation is
shifted down an amount 0.17 Ry~2.3 eV! to allow a clearer
comparison between the two energy curves. The equilibr
volume for the (5f in core! calculation is in somewhat bette
agreement, 26.6 Å3, but still almost 10% too low compare
to experiment. The corresponding bulk modulus is about 4
kbar ~46 GPa!, in rather close agreement with ou
(GGA1OP) calculation.B8 is also in good agreement wit
the (GGA1OP) theory, 3.4 compared to 3.0. From Fig. 3 w
conclude that for the volume range close to equilibrium
two theoretical treatments (GGA1OP) and (5f in core! are
in relatively good agreement, with a small discrepancy
about 4% in their respective equilibrium volumes. Notic
however, that for compressed volumes the total ene
curves begin to separate between the two calculations.
is certainly expected because the (5f in core! treatment
should become less satisfactory at higher pressures. We
ticipate an increased overlap at smaller volumes between
5 f orbitals, which eventually will form band states. At th
point, it would of course be grossly inaccurate to treat th
as core states. This effect is inherent in the (GGA1OP)
theory where a suppression of the magnetic moments sig
delocalization.

In Fig. 4 we show the spin, orbital, and total magne
moments as a function of atomic volume for fcc Am calc
lated using the (GGA1OP) approach. The symbols repr
sent the calculations, the full line here is a guide for the e
only. The orbital moment is enhanced by the orbital pol
ization of the 5f orbitals and at the equilibrium volume it i
about20.85 Bohr magnetons. The majority contribution
the orbital moment is traced to the 5f spin-down states
~20.93! with a small contribution also from the 6d spin-
down ~0.13! and spin-up~20.05! states. With the orbital
polarization switched off the orbital moment is smaller
magnitude~20.65 Bohr magnetons!. The 5f band is less
than half full and therefore the sign of the spin-orbit coupli
~corresponding to Hund’s third rule of an open-shell ato!

e
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turns the orbital moment antiparallel to the spin mome
The total and spin magnetic moments slowly decrease
magnitude with volume, whereas the orbital moment is
most constant until about 17 Å3 where both spin and orbita
moments collapse to zero. This signals a complete 5f delo-
calization in Am, and 5f band states that contribute to th
chemical bonding between atoms. At this volume thef
states in Am are itinerant, as in the lighter actinides, Th–
Magnetic calculations for Am in thea-Pu structure collapse
to nearly zero magnetic moment~not shown!, confirming this
picture. Consequently, in this paramagnetic regime~Fig. 1!,
fcc Am is the most unfavorable structure and instead
monoclinic ~a-Pu! structure has the lowest energy. This r
sult confirms the simple model calculations carried out
Söderlindet al.12 who showed that for a 5f band occupation
of about six, thea-Pu structure should be lower in energ
than both thea-U and fcc structures.

The orbital polarization energy, the 1/2Es
3Ls

2 term, was of

FIG. 3. Two different treatments of the localized fcc phase
Am. The (GGA1OP) treatment, used in the present calculatio
compared to a calculation where the 5f electrons are treated as co
electrons. The latter calculation is shifted down an amount of 0
Ry ~2.3 eV! to enable a more visual comparison.

FIG. 4. Spin, orbital, and total magnetic moments~Bohr mag-
netons! as obtained from the (GGA1OP) calculation of fcc Am.
t.
in
l-

u.

e
-
y

the order of 2–7 mRy throughout the volume range studi
The Racah parameterEs

3 is a linear combination of Slate
integrals and was in our calculations for Am of the order
4–6 mRy. Calculations without orbital polarization gave
somewhat lower transition pressure~65 kbar! and a some-
what larger volume collapse~28%!.

IV. DISCUSSION

We have studied six crystal structures of Am with a fir
principles method using the (GGA1OP) scheme. The tota
energy for five of these structures~bcc, bcm,a-U, a-Np, and
a-Pu! was calculated assuming spin degeneracy whereas
the fcc structure, this requirement was lifted. At 80 kbar
calculate a transition from fcc Am to monoclinic Am and
volume collapse of 25%. We interpret this transition as
Mott transition; the onset of a low symmetry crystal structu
is prompted by delocalization of the 5f electrons in Am. The
low density fcc phase is also modeled by a calculation w
the 5f electrons occupying core states. For low pressures
ratherad hocapproximation is in relatively good agreeme
with the (GGA1OP) calculations, with a very similarB and
B8 but a 4% larger equilibrium volume. With increasin
pressure the treatment with 5f electrons in the core become
gradually inappropriate, with an inaccurate total energy a
result.

Calculations of the transition pressure between fcc a
monoclinic Am are sensitive to the accuracy of the total e
ergy for both the localized and the itinerant phase. The tr
sition pressure would be considerably higher and the volu
collapse smaller if the equilibrium volume for the mon
clinic phase was 5–10 % larger. This is certainly within t
usual error associated with a GGA calculation for
f-electron metal. The transition pressure would also incre
considerably upon a small downward shift~0.1–0.2 eV! of
the energy curve for the low density fcc phase. Thus, in
curacies in the calculations could easily explain the fact t
we calculate a transition pressure somewhat lower than
values reported for this transition. A large volume collap
however, seems relatively insensitive to possible inaccu
cies in the total energy calculations and we therefore h
confidence in this result. We appreciate the difficulties
volved in determine the correct crystal structure from hi
pressure experiments and the necessary fitting that has
done. Also, the hysteresis in the experimental results mak
hard to directly compare our results with experiment. W
believe, however, that Fig. 2 is clear evidence that our te
nique is able to describe the correct physics of the high p
sure transitions in Am. To get a more accurate descript
overall the exchange/correlation functional needs to be
proved.

In the present paper we have investigated the total ene
of two different configurations: delocalized 5f states and lo-
calized, chemically inert 5f states. Provided there are n
complications involving other electronic configurations, su
as mixed valence, Kondo behavior, and so on, we rule
the a-U structure as the high pressure phase of Am. Cal
lations of the type presented here seldom give the wr
structural stability and in our case we find that thea-U struc-
ture is ;20 mRy higher in energy than the lowest ener
structure,a-Pu. This is a rather large energy difference. Al
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the a9 structure, although not relaxed with respect to
internal parameters, shows very high energies compare
thea-Pu structure. As regards the stability of thea-Pu struc-
ture, we mention that there are other structure types,
investigated here, which may be lower in energy. Howeve
blind search for these structures without experimental in
is beyond current computational capabilities.
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