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Plane-wave pseudopotential study of the light actinides
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Norm conserving pseudopotentials have been generated for the light acfifiidblp) and the plane waves
+ pseudopotential formalism has been used to study their crystal structures at zero temperature as a function
of pressure. The often complex alpha phases of these elements have been fully relaxed, and we have used a
thorough treatment of spin-orbit coupling. The zero-pressure zero-temperature equilibrium volumes and bulk
moduli are consistent with previous all-electron full-potential calculations, and, up to uranium, in excellent
agreement with experiment. This is also the case for cell parameters and pressure-induced phase transitions. It
is likely that, from neptunium on, a more careful treatment of electronic correlations and/or relativistic effects
is necessary to reproduce the experimental data with the same precision.
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[. INTRODUCTION structures have many internal degrees of freedom and their
relaxation, necessary criterion of a correct theoretical struc-
The actinide series is generally divided in two parts, theture, is difficult.

so-called “light” and “heavy” actinides, in relation to their Numerous all-electron calculations, using various techni-
5f electrons behavior. The light actinides, from thorium tocal formalisms[full-potential linearized augmented plane-
neptunium, exhibif-electron bonding at ambient conditions. wave (FLAPW),*® full potential linear muffin tin orbitals
Thef bands are narrow and highly directional, which results(FP-LMTO)®] are available for the light actinides series. But,
in very complicated open crystal structures, with low sym-in all cases, the structures have not been fully relaioedy
metry, such as-U or a-Np. Upon increasing pressure, the partially in some cases, not at all in the others, the cell pa-
bands broaden and the light actinides undergo phase tranghmeters being taken as the experimental ones, if not a fake
tions to more close-packed and symmetric structures. As foje).
the heavy actinides, starting from americium, fredectrons We have chosen here to explore an alternative approach :
are strongly localized and do not contribute to bonding ane compination of pseudopotentials and plane waves basis

ambient pressure. The resulting structures are more compaghyi<7 \which is one of the most popular methods for elec-
Thef bonding character reappears under pressure, and giv nic structure calculations, within density-functional theory

rise to open high pressure phases, such as Am-IV, which i I )
1 T . FT). The plane wave basis is one of the simplest and most
closely related tax-U." Plutonium is at the interface between ) . . .
natural formalism to implement for crystals. In particular, it

the two series, and exhibits characters from both: in the equi- . )
librium structure at ambient conditiorisnonoclinic a-Pu), allows for the glqbal relaxat!on of large cells and ab initio
the f electrons contribute to bonding, whereas in the highefM°lecular dynamics calculations. _
temperatures-Pu phasdface-centered cubitfcc)] they are Till recently, the pseudopotential formalism had bec_an
localized. neglected forf elements, because one has to describe
Heavy actinides are still out of reach of electronic struc-Teélatively localized electronid states. In terms of plane
ture calculations based on density functional the@@yT) waves, this means that one needs huge basis sets and the
using local density approxima’[ic(m_DA), even with gradient calculations used to be Computationally demanding, if not
corrections(GGA). In this formalism, electron correlation is unaffordable.
treated in an averaged way and cannot describe strongly lo- In a previous papétwe have shown that it was possible
calized states, for which new theories, which go beyondo study pressure induced phase transitions in cerium,
LDA, such as LDA+U or dynamical mean field theory anotherf-pathological element by these techniques. Recently,
(DMFT) are necessarfyFor example, using LDA, the calcu- ultrasoft pseudopotentials have been used by Pickard
lated equilibrium volume fors-Pu is underestimated by as et al® to study some lanthanide and actinide compounds
much as 25%. In the case of americidrthe equilibrium  and Crocombettet al.l° using one of our pseudopotentials
volume discrepancy for the equilibrium fcc phase is as largdor uranium, have studied point defects in uranium
as 30%, whereas the high pressure AmlIV structure, wheredioxyde.
electron delocalization has occurred, is correctly treated at The approach here is systematic. We have built norm-
the GGA level. conserving pseudopotentials for all the light actinides and we
This correlation problem appears to be less crucial for thdhave studied their fully relaxed crystal structures, and their
light actinides. Yet, they still are a challenge for electronicphase transitions under pressure.
structure calculations. First, for such heavy elements, relativ- The paper is organized as follows. Section Il details all
istic effects are expected to become important, and a rigouthe technical details for the pseudopotential generation and
ous treatment of these should be included, at least at ththe plane waves calculations. Sections Il to VI are devoted
scalar-relativistic level. Second, the complicated crystato elements from Th to Np. In Sec. VII, we detail the influ-
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TABLE I. Cutoff radii in atomic units chosen for the pseudopo-  TABLE Il. Equilibrium volume and bulk modulus of Th in the

tential generation. fcc structure.

6s 6p 6d 5f Veq (A%at) B (GPa
Th 1.37 1.55 2.25 1.00 LDA GGA LDA GGA
Pa 1.27 1.53 2.23 1.05 FLAPW (Ref. 4 29.56 32.46 61.0 56.7
U 1.26 1.52 2.20 1.26 Pseudopotentials 29.75  32.23 65.1 54.2
Np 1.24 1.50 2.05 0.90 Experiment(Refs. 21,22 32.81 58

ence of spin-orbit coupling, and finally we conclude in Sec. For spin-orbit calculations, GGA pseudopotentials with
VIII. components for each chanret 3 andl — 1 were generated
with Martins’ generatot® The valence states, atomic con-

figurations and cutoff radii were kept identical.
1. DETAILS OF THE CALCULATION

A. Pseudopotential generation B. Structure calculations

The physical idea behind the pseudopotential approxima- All the plane waves calculations, were performed with
tion is to replace the true atomic potential by an effectivethe ABINIT codel’ It relies on an efficient fast Fourier
potential that accurately mimics the effect of the chemicallytransform algorithnf for the conversion of wave functions
inert core states on the valence states, explicitely treated ibetween real and reciprocal spaces, on the adaptation to a
the calculation. There are several recipes to construdixed potential of the band-by-band conjugate gradient
pseudopotentials and to ensure their transferability to verynethod and on a potential-based conjugate gradient
different chemical environments, while being computation-algorithm for the determination of the self-consistent
ally efficient. We have chosen here the non-local norm-potential®
conserving Troullier-Martins technique, which has proven All our pseudopotentials need a 120 Ry energy cutoff for
to be one of the most efficient and reliable, if not one of thethe plane-waves expansion of wave functions. With this cut-
cheapest computationally. off, energy differences are converged within 1 mRy/at. A

In this approach, one has to choose which states are t@aussian smearing of 0.02 Ry has been applied for Brillouin
be pseudized and an atomic reference configuration o#one integrations, which results in a metallic correction less
which to generate the all electron potential and wavefuncthan 0.1 mRy/at. In the electonic structure calculation, the
tions. Then, for each angular momentum, one has to choosxchange-correlation functional was consistent with the one
a cutoff radius for pseudization, beyond which theused for the pseudopotential generation.
pseudo wave function is set equal to the true wave function. For all the crystalline structures we have optimized the
Within the cutoff radius, the pseudo wave function isirreducible Brillouin zone sampling. We used 35 spedial
continued by a polynomial form which obeys continuity points for fcc, 35 for bece, 56 for bet, 64 for hep, 64 ferU,
equations. 27 for a-Np, and 40 forB-Np.

After numerous tests, we concluded that, for the light ac- When necessary, the stuctures were fully relaxed at each
tinides, it was necessary to treat as valence statessh@®  volume, and the energy versus volume curves were fitted by
6d, 5f, and & electrons, and that pseudopotentials builta Birch-Murnaghan equation of state to calculate equilibrium
from an ionic reference configuration with an empty @r-  volumes and bulk moduli. Spin-orbit coupling has been in-
bital, and a single projector per angular momentum weréroduced in the spirit of Hemstreet al?° Details are given
optimum. Classically, the cutoff radii were taken close to theelsewheré®
outermost maximum of the corresponding all electron wave
functions. The angular momentum componien® was taken
as the local part. In Table I, we list the cutoff radii for each
angular component of each element. Thorium has a special place among the actinides. It

With these pseudopotentials, the valence levels of thés the first element in the series and thieti&nd is beginning
isolated atoms, both neutral and ionized, were reproducetb be filled. The equilibrium structure is face-centered
within 0.05 eV (0.3 eV for the & statg, as compared cubic and is quite simple and symmetric, as compared to the
to the all electron scalar-relativistic calculation. Using other light actinides. Cerium, the first £lement has also an
the pseudopotential generator developped by Gianfézzi,fcc equilibrium structure. But contrarily to cerium, thorium
we have generated for each element two pseudopotentialdoes not exhibit phase transitions towards structures where
one using the local density approximatioftDA) to  thef electrons would be localize@.g., y-Ce, which is also
DFT, with the exchange-correlation potential of Ceperleyfcc).
and Aldet® as parametrized by Perdew and Zuri§jemd We have calculated the equilibrium volume and the bulk
the second using gradient correctiofi&€GA) to LDA modulus of thorium’s fcc phase. The results are shown
according to the recipe of Perdew, Burke and Erzerhoin Table Il together with experimental results and all-electron
(PBE96.7° FLAPW calculations. Our pseudopotential calculation

IIl. THORIUM
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FIG. 1. Calculated GGA total energies for bcc, bct and hcp
crystal structures of thorium relative to the total energy of the fcc
structure, as a function of volume.

is in excellent agreement with the all-electron calculation
done in the same approximation for the exchange-correlatio
functional. The improvement when GGA replaces LDA is
clear. Our GGA results are very close to the experiment
ones?%2

We have also checked the relative stability with respect t
fcc of some previously proposed high pressure phases: bo
centered cubi¢bco), body centered tetragonddct), and hex-
agonal compacthcp). Our results, as a function of volume
are shown on Fig. 1. The fcc phase is the most stable pha
at the equilibrium volume of thorium as found experimen-
tally.

We predict a first transition to bct at 18.5%/A&t (V/V,
=0.57) which corresponds to a pressure of 86 GPa. Th
value is consistent with the experimental results of Vohra an
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TABLE llI. Equilibrium volume and bulk modulus of Pa in the
bct structure.

Veq (A%at) B (GPa
LDA GGA LDA GGA
FLAPW (Ref. 49 23.21 25.06 111 105
Pseudopotentials 22.83 24.60 115 92
ExperimentgRefs. 26,27 2491 157

The optimizedc/a ratio at the equilibrium voluméFig.

2) c/a=0.8 turned out to be roughly constant up to the first
transition. As in the case of thorium, the pseudopotential
calculations are in very good agreement with all electron
calculations done in the same approximation for exchange
correlation.

The agreement with the experimental equilibrium volume
is good when GGA is used. However, the calculated bulk
modulus, although consistent with all electron results, differs
from the experimental one by 40%. The agreement with ex-
periment on bulk moduli for Th and U leads us to suggest

Sthat this experimental result may be wrong. To shed light on

fhis point, new experiments would be welcome.
We have also studied the relative stabilities of several
igh pressure phases of protactinium. We checked the bct,

ar :
cc, bece, hep, andv-U structures. They-U structure is de-
gcribed in the next section. We optimized the three internal

grees of freedom for this structureb/a, andc/a at each
volume (Fig. 3.
If b/a remains almost constant/a andy appear to vary

gonsiderably with increasing pressure, which is in contrast to

what was assumed in a previous FPLMTO calcul&fldy
Saderlind et al. The energy differences with respect to bct as
a function of volume are shown on Fig. 4. According to our

igalculations, a transition from bct te-U should occur
@round 46 GPgvolume of 18.7 R/at.). This pressure is

Akella?® who evidenced the transition around 100 GPahigher than the one calculated bydgolind (25 GPa. More-

(VIVy=0.534) and with the all electron results of Eriksson
etal®
For the bct phase, we optimized tbka parameter and we

found that it remains equal to 1.65 on a wide pressure range

This is another similarity with cerium: thorium and cerium
have the same value afa for the bct phase.

Upon further compression, for a much lower volumé (
=8 A%at., V/V,=0.25), the hcp structure becomes stable,
a fact which was already predicted bydgolind in all elec-
tron calculationg® However, this transition has never been
observed experimentally.

IV. PROTACTINIUM

Total energy (mRy/atom)
F-S

n

Protactinium is an element on which experimental results
are very rare because of its radioactivity. The experimental
zero temperature and zero pressure body centered tetragon
phase(with c/a=0.82) is unique in the whole periodic table.
The calculated equilibrium volume and bulk modulus of Pa

0

are shown in Table Il together with results from all electrons
FLAPW calculation$ and experiment&

FIG. 2. Bains path for protactinium in GGA close to the equi-
librium volume. The global minimum has been set to zero.
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of protactinium versus volume with the GGA pseudopotential, in itsof uranium versus volume with the GGA pseudopotential.
stability domain.

Four parameters are needed to describe lh/a, c/a, andy.
over, thea-U structure remains stable to very high pressuresThe experimental values of the parameters at equilibrium
and, in contrast to all electron calculations, no further tranare?”® a=2.858, b/a=2.06, c/a=1.73, andy=0.105 atV,
sition to a reentrant bct or hdRef. 28 is evidenced, down =20.71 A/at. The experimental bulk modulus i8

to 8.5 A¥/at. Yet, in the all electron calculations, theU =135.5 GPa. Thex-U phase is experimentally stable up to
structure was not optimized, which results here in stabilizingat least 100 GPa.
it on a wider pressure range. We performed a total relaxation of the three parameters
b/a, andc/a of this phase. Their evolution versus compres-
V. URANIUM sion is detailed in Fig. 5 for the GGA pseudopotential.

o ) ) For the equilibrium volume, our values are consistent
In contrast to protactinium, uranium has been extensively,iih experiment. We find that/a increases with pressure
studied, both theoretically and experimentaly. The low presyhereas the corresponding decreasb/af andy is smaller:

sure and low temperaturer phase is a base centered fom ambient pressure up to a 30% compression, the changes
orthorombic structure with two atoms per cell, with atomic i, axis ratios are about3.4% for c/a. +2.5% for b/a

positions §/,—y,—1/4) and (-y,y,1/4) in units of the Bra- \ynereasy varies by as much as 5%. This is consistent with
vais lattice vectorsd/2,—b/2,0), (@/2b/2,0) and (0,&).  the experimental trends reported by Akéflaut in disagree-

ment with their FPLMTO calculations hypothesis.

40 - T T r et As already noticed for Th and Pa, the equilibrium vol-
a— :_‘:’o‘g umes and bulk moduli for the LDA and GGA pseudopoten-
.- +bco tials are similar to the FLAPW ones, and the GGA ones are
80 r ~—=hep | close to experimental valug¢3able V).
= ol We have also studied the relative stability of tJ, fcc,
2 20 | R | bcc, bet, and hep phases of uranium at zero temperature. For
£ o T the bct phase, the/a ratio was optimized to a value of 0.8.
3 T T~ At low pressure, thex-U phase is the most stable phase as
e l %/ [ Toe-lu found experimentally. The energy differences versus volume,
T /,,,«*""""-‘--{ relative to thea-U phase, are presented in Fig. 6.
= /,0 ________ o«
o s T ) . N TABLE IV. Equilibrium volume (&%) and bulk modulu¢GPa
v e of U in the a-U structure.
LT Vg (A% at) B (GPa
10 AT ) ) ) ) ) ) ) ) ) eq
8 9 10 11 12 13 14 15 16 17 18 19 LDA  GGA LDA GGA
Volume (A%at)
FLAPW (Ref. 4 18.93 20.38 176 149
FIG. 4. Calculated GGA total energies for the fcc, bee, hep, andPseudopotentials 18.71 19.91 182 145
a-U crystal structures of protactinium relative to the total energy ofExperiment(Refs. 29,30 20.56 135.5

the bct structure, as a function of volume.
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60 | T T ' ' ' ' ] TABLE V. Equilibrium volume (&) and bulk modulugGP3
—eo-U of Np in the a-Np structure.
L [ u fce
So0r - *--+bcc ] 3
[ ® — o — bet Veq (A% at) B (GPa
_ 40 -_ //, —X\\\ N = = hcp -
g P e FLAPW (Ref. 49 18.44 196
DE? 30 [ ~ ] Pseudopotentials 18.20 180
g xg;.__ Experiment(Ref. 31,32 19.20 120
S 20t T ]
:‘3) - T +"“\5;‘{;
g 10r e T Thus neptunium is experimentally found to crystallize at
= 0 ] ot \“\\\I low pressure in three types of structtire «-Np, 8-Np, and
ST v-Np. a-Np is a simple orthorhombic structure with eight
1oL Pt ] atoms/celf* with atomic positions =*(1/4y,,z;),
: < +(1/4,1/2-y,,2,+1/2), +=(1/4y,,2,), +(1/14,1/2-y,,2,
-208 s PP TS TR N T +1/2). B-Np is tetragonal with 4 atoms/c&l [positions
Volume (A%at) (0,0,0, (1/2,1/2,0, (1/2,0u), and (0,1/2;-u) with u

=0.375] , andy-Np is bcc.

FIG. 6. Calculated total GGA energies for the bct, fcc, bee, and  For all this phases, we have performed a global relaxation
hcp crystal structures of uranium relative to the total energy of theof all the internal degrees of freedom, only for the GGA
a-U structure, as a function of volume. pseudopotential, as, due to the great number of degrees of

freedom, the calculations were getting painful. Our results

We predict a transition towards the bct phase at a voluméor the a-Np phase are reported on Fig. 7.
of 11.75 AJat (V/V,=0.58). Then, at a smaller volume  The cell parameters that we calculate for the equilibrium
(VIV,=0.47), bcc becomes stable. The sequence of transiolume area=4.66 A (exp. 4.723 A, b/a=1.027(1.035,
tions is thus a-U—bct—bce, in full agreement with c/a=1.398(1.411), y;=0.212(0.208, z,=0.038 (0.036,
Saderlind® even if our transition pressures should be highery,=0.86(0.842, z,=0.314(0.319.

As found in experiment, there is no transition below 100 The GGA equilibrium volume and bulk modulus are con-
GPa, and thex-U structure, as in Pa, seems to be remarkablysistent with all electron result§Table V). The equilibrium
stable. volume is underestimated by 5% with respect to
experimert*2whereas the bulk modulus is strongly overes-
timated (50 %), as in FLAPW calculations.
V1. NEPTUNIUM Some authofsclaim that temperature effects may soften

According to a somewhat schematic picture, one couldh€ Pulk modulus for Np. Yet, we think that we reach here
say that with increasing, the f electrons tend to get more the limits of our theory. As in plutomur?ﬁ subtle correlation
localized and the structures more and more complex, untffffécts could begin to occur in Np that are out of reach of
thef electrons get fully localized and the structures relatively-PA and even GGA. A thorough treatment of relativistic

simpler. effects could also be necessary.
70 T T T T T T
1.04 . P S ———
102 | e 1s
1[0 1 60
0.98 L . .
142 — : .
@
’_.______.——/ —e M 50
138 | . —
'./H | | g g
038 o : . £ 40
024 [ ] E
022 [ e 1% 3
- Te—e— ¢ B -o—¢ 5 30
( 1 1 [
0.00% T T EES— 4 Lﬁ
002 | e 1w g 20
o ..//./ . . =
09 — . T 10
0.85 | e —_e— o
08 L /.,,’—0———‘.—/./ 1= 0
1 ' '
32 — . ——————y
0'3 | //.//./ i NN _10 1 1 1 1 1 1
/ 13 14 15 1% 17 18 19
028 L8 o5 o5 1 Volume (A”at)
v,

FIG. 8. Calculated total GGA energies for tj3eNp, a-U, bct,
FIG. 7. Evolution with volume of the internal parameters of the fcc, and bcc crystal structures of neptunium relative to the total
a-Np structure of neptunium with the GGA pseudopotential. energy of thea-Np structure, as a function of volume.
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TABLE VI. Equilibrium volumes (&/at) for the light actinides TABLE VII. Bulk moduli (GPa for the light actinides in theiw

in their @ phases and in a reference fcc phase, with and withouphases and in a reference fcc phase, with and without spin-orbit

spin-orbit effects. In our calculations, the cells have been fully re-effects. In our calculations, the cells have been fully relaxed, except

laxed, except for Ngunderlined result for Np (underlined result

fcc phase a phase fcc phase a phase
Method GGA GGAFSO GGA GGA+SO Method GGA GGAFSO GGA GGA+SO

Th Th
FP-LMTO (Refs. 39,38 29.62 FP-LMTO (Refs. 39,38 61.5
FLAPW (Ref. 4 32.46 32.28 FLAPW (Ref. 4 56.7 73.1
FLAPW (Ref. 5 31.05 FLAPW (Ref. 5 57.7
This work 32.23 32.42 This work 54.2 55.1
Experiment(Ref. 2] 32.81 Experiment(Ref. 22 58

Pa Pa
FP-LMTO (Refs. 39,38 23.71 23.32 FP-LMTO (Refs. 39,38 122 123
FLAPW (Ref. 4 25.50 25.57 25.06 24.92 FLAPW (Ref. 4 100 96 105 105
FLAPW (Ref. 5 23.95 FLAPW (Ref. 5 104.8
This work 25.05 25.52 24.60 25.01 This work 93 92 92 93
Experiment(Ref. 26 24.91 Experiment(Ref. 27 157

U U
FP-LMTO (Refs. 39,38 20.51 19.46 FP-LMTO (Refs. 39,38 148 172
FLAPW (Ref. 4 21.83 22.01 20.38 20.73 FLAPW (Ref. 4 125 99 149 124
FLAPW (Ref. 5 20.34 FLAPW (Ref. 5 147.5
This work 21.31 21.98 19.91 20.33 This work 115 108 145 132
Experiment(Ref. 29 20.56 Experiment(Ref. 30 135.5

Np Np
FP-LMTO (Refs. 39,38 18.64 18.10 FP-LMTO (Refs. 39,38 161 170
FLAPW (Ref. 4 19.45 20.41 18.44 18.90 FLAPW (Ref. 49 137 140 196 158
FLAPW (Ref. 5 18.60 FLAPW (Ref. 5 201.7
This work 19.34 19.97 18.20 19.83 This work 197 185 180 165
Experiment(Ref. 34 19.23 Experiment(Ref. 32 120

We have checked the relative stability of some high pres
sure phases of neptuniumg-Np, «-U, bct, bcc, fce, with

respect tow-Np. The results are shown on Fig. 8.
For a 21% compressiofi.e., a volume of 14.4 Hat.),

we predict a transition toward8-Np. This is in disagree-

Soderlind®” but is closer to the FLAPW value of Rieaud
(19%).° In their experimental work, Dabast al*2 found no

stable for a 23% compression factor.

VII. ROLE PLAYED BY SPIN-ORBIT COUPLING

Spin-orbit coupling should not be avoided in such calcu
lations. After generating suitable GGA pseudopotentials, wi
have performed cell relaxations for thephase of each ele-
ment and for a reference fcc structure, and we have calc
lated the corresponding equilibrium volumes and bulk

GGA+SO, because the calculations were computationally
too demanding. We used the experimental paraméteérso

as to compare with previous all-electron calculations.

In all cases, both for equilibrium volumes and bulk
moduli, the results get closer to experiment. The effect of
spin orbit coupling on equilibrium volumegig. 9) and bulk
ment with the FP-LMTO value of 10% proposed by moduli (Fig. 10 becomes noticeable from uranium on. In
this case, the agreement with experimental data is perfect.

As for the bulk moduli, except for Pdout we suspect, as
transition under up to at least 20% compression, which isiready said, that the experimental value is wonipe
consistent with our results. At higher pressure, as alreadf@greement with experiment is also very good. The only fail-
predicted by Sderlind®” and Paicaud® bcec should become  ure is for neptunium, where we can say that, even taking into
account cell relaxation, it is doubtful that we could retrieve
the experimental value within a few % as is the case for the
other elements.

Our calculations are consistent with FLAPW resdfts.
However, former FP-LMTO calculatioff&*® give quite dif-

erent values which may be questionable, as already noticed
y Joneg. The influence of spin-orbit coupling on the inter-
1al parameters of various structures will be detailed in a

moduli. The results are summarized in Tables VI and VII,
respectively, together with our calculations without spin-

orbit coupling, all electron results and experimental data.

orthcoming paper.

VIIl. CONCLUSION

We have generated norm-conserving pseudopotentials for
The a-Np phase of neptunium has not been relaxed irthe light actinides, which have enabled us to perform global
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ber taking or not into account spin-orbit coupling. The FPLMTO taking or not into account spin-orbit coupling. The FPLMTO results

results are from(Refs. 39,38 and the FLAPW from(Ref. 4.

relaxations of the complex structrures of these elements. \/\/’i
have also performed a systematic study of their phase tran
sitions under pressure. All our results compare favorably(f
with previous all-electron calculations, with a better agree|

ment with FLAPW results. As for equilibrium volumes and

bulk moduli, our GGA results are very close to experiment

up to uranium and, as previously noticed, GGA represents

significant improvement on LDA for these elements. We
have also used for the first time to our knowledge a full

are from(Refs. 39,38 and the FLAPW from(Ref. 4.

nd bulk moduli of the light actinides, and that these values
Start departing from experimantal data for neptunium. It is
nikely that new developments in the theoretical formalism
ully relativistic treatment, electronic correlations beyond
DA) cannot be avoided if one wants to describe with the
same accurracy heavier elements, and especially the alpha
ghase of plutonium.
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