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First-principles theory is shown to account for the unique low-temperature crystal structure of plutonium
metal (@-Pu). Also the observed, and debated, upturn of the equilibrium volume between neptunium and
plutonium is reproduced and found to be a consequence of the different crystal structures for these two metals.
Thus it is shown that density-functional theory is able to accurately describe bonding propertiesiettfons
in an outstandingly complex system, where also relativistic effects are large. The electronic structure for
a-Pu and for plutonium in competing close-packed crystal structures are also presented. Moreover, an expla-
nation for the occurrence of the highly complexPu structure is given. The mechanism is described in terms
of a Peierls distortion in conjunction with a narro-Band width. The energy gained from the splitting of the
5f bands outweighs the electrostatic energy which favors the high symmetry structures found for most other
metals. At lower volumes we predict that plutonium should become[I53163-1827)01304-0

[. INTRODUCTION and in this paper we address frab initio theory the pecu-
liar crystallographic properties of this material. We would
Plutonium @4PU metal is one of the heaviest metals also like to give additional background to the complexity of
known and it belongs to the series of metals that are referrethis element and thus mention that other physical and chemi-
to as the actinides. Plutonium metal, which is not found incal properties of plutonium are also very unust#or in-
nature, has since the first sample was prepared, been showtnce, two of the allotropes;, and 6" (bct, body centered
to have a number of spectacular physical and chemical progétragonal, contract rather than expand when heated,
erties. The phase diagram is particularly interesting with fivevhereas the low-temperatusephase shows the largest ther-
allotropes discovered earlyy( 8, v, 8, ande), and a sixth mal expansion among the elemental tranS|t_|on météltso_ _
phase that was found lates’(),! see Fig. 1. The latest dis- other properties, like the thermal and electrical conductivity,

covered solid phase’} (Ref. 2 has a yet unknown complex are anomalous for this spectacular mateti@ased upon

crystal structure. Thus plutonium has as many as seven dit—hese remarkable properties, it has been speculated that plu-

ferent crystalline formswhich is more than any other metal. onium cannot be related to other metals and that a rather
The @, B, and y phases, stable up to about 380 K, 460 K,
and 570 K, respectively, are very complex structures. This is
in contrast to the simple structures 6fPu (fcc, face cen- - Plutonium
tered cubi¢ and e-Pu (bcc, body centered cubicwhich are
frequently found in other metals. The phase is especially
interesting with a unique open and low symmetrngono-
clinic) crystal structure. In this allotrope there are 16 atoms
per unit cell and the atomic arrangement seems to reflect
covalent chemical bonding, where the nearest neighbor dis-
tance between certain atoms is very small and between oth-
ers very largé:® The crystal structures of the light actinides
(90Th—g94Pu) display increasingly distorted crystal structures, 3
with plutonium showing the most extreme complexity in this ,
respect. This fact has been of great scientific interest for 200 400 600 800

decades and a good understanding of this behavior has only Temperature (K )

recently emerged. For plutonium, however, there has not

been presented any reliable theory for the crystal structure FIG. 1. The experimentdRef. 1) phase diagram for plutonium.
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suggests that thef States forgsAm and the heavier actinides

are localized. The theoretically predictédand observeld

. super conductivity of americium metal give much support to
this view. The volume behavior of the early actinides
(9oTh—g4PuU) on the other hand, is very similar to what is

~ o7 i found for the nonmagnetid-transition metals, and it can be
= understood from the filling of first bonding and then anti-
- bonding orbitals of thel (or f for the actinidesbands® This
5 implies that the lowest voluméhighest density would be
S B . 1 found for the actinide metal with the highest number of
Q bonding, and lowest number of antibonding electrons, i.e.,
g for plutonium. Interestingly, from Fig. 2 we note that pluto-
< nium shows an additional anomalous behavior, namely, a
20 o Expt . 1 somewhatlarger volume than its preceding metal, nep-
——Theory .
Theory - fcc tunium (93Np)-
* Theory - B-Np * * Intrigued by the complex electronic and crystallographic
s l s . . properties ofa-Pu we have performed first-principles, total
Th Pa U Np Pu energy calculations of this material over a wide volume

range. By comparing the total energy of thgohase with the

FIG. 2. Measured and calculated room temperature atomic equRther structures found in the actinides as well as the struc-
librium volumes(Ref. 24 for the light actinide metals. The calcu- tures found for the transition metals we aim to demonstrate
lations were done both for the observed room temperature strudhat the delocalized states drive the peculiar crystal struc-
tures (curve labeled “theory’) as well as for a hypothetical fcc ture of a-Pu. Furthermore we will show that at high pres-
structure(curve labeled “theory-fcc) and for Np and Pu also for sures the bcc crystal structure becomes the most favorable
the B8-Np structure(stars labeled “theory3-Np”). for ¢,Pu. With the total energy dependence of the atomic

volume for the eight studied structures we have been able to

specific theory for plutonium is needed to describe its manyexamine how the crystal structure influences the atomic equi-
facets® librium volumes for plutonium and it is our intention to show

The electronic structure of plutonium also shows a venythat the anomalous volume increase betwegNp and
complex behavior. The actinide elements ngfu have the o4PU is actually a consequence of the anomalous crystal
interesting property that for the earlier metalgTh, o,Pa, Structure of thea phase. In the following we describe our
92U, and g3Np) the 5 electrons are delocaliz€d®whereas theoretical method in Sec. Il. In Secs. Ill, IV, and V our
the heavier metalsgfAm and beyonyl have F electrons results for the crystal structure, occupation numbers, and
which are chemically inert, in analogy to the localizetl 4 atomic volume, respectively, are presented and we conclude
electrons in the lanthanide metdrg? Hence plutonium is in Sec. VI.
located at a position close to the border where, as a function
of atomic number, a transition from delocalized to localized
5f states appeafs1® This complex and intriguing scenario
provides a great challenge for theory to accurately treat the The reported results are obtained from electronic structure
electronic structure of plutonium. For instance, the appearealculations for plutonium in eight different crystal struc-
ance off states in the valence band of plutonium probablytures: a-Pu, a-Np, 8-Np, «-U, bct, bece, fee, and hep. The
makes it hard to use theoretical band structure methods th&stal energy of these structures was calculated as a function
utilize nonlocal basis functionglane waves or similausuch  of volume. The preserab initio method solves the Dirador
as the pseudopotential methods. In addition to this the plutothe core electronsor a(modified Schralinger equatior{for
nium atom is very heavy, which means that relativistic ef-the valence and semicgreThe total energy of the system
fects need to be taken into account in the description of thevas obtained within density-functional theory. In the
electronic structure of plutonium metdlin particular, the  density-functional approach, it is common to make the local
spin-orbit coupling cannot be neglected when such heavgensity approximation for the exchange and correlation in-
metals are investigated. Because of the mentioned difficulteractions between the electrons. Since the recently presented
ties, an accurate total energy treatment of plutonium in itgyeneralized gradient approximatiqQsGA) (Ref. 12 has
ground state ¢-Pu) has not been performed until now, to our been shown to significantly improve the accuracy of the re-
knowledge. sults for f-electron metal$® we have chosen to adopt this

One pronounced experimental evidence for the itineranapproximation for the exchange and correlation energy func-
character of the 5 electrons in the light actinide elements tional in the present calculations. The relativistic effects are
can be found from the trend displayed by their dengity  included in the Hamiltonian, and the spin-orbit interaction
volume as one proceeds fromyTh to g,Pu, where the vol- term is considered according to the recipe proposed by
ume shows a parabolic decrease of the volume as a functiohndersen'* The wave functions are expanded by means of
of nuclear chargérig. 2). In contrast to this, fromysAm and  linear muffin-tin orbitals inside the nonoverlapping muffin-
onwards the metallic volumes are much larger§0% with  tin spheres that surrounds each atomic site in the crystal. The
a weak linear decrease with atomic number, similar to thenuffin-tin radius was consistently chosen such that the
lanthanide contractiorinot shown. This behavior strongly muffin-tin spheres occupied 41% of the total volume.

Il. COMPUTATIONAL DETAILS
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We make use of a so-called double basis set since we allow

T T T

two tails with different kinetic energy for each muffin-tin Pllutorlliurrll
orbital with a givenl-quantum number. The calculations 40t .
were done for one, fully hybridizing, energy panel in which g

the values forE,’s related to the valence orbitalss,77p, § 30l Von i
6d, and ¥, and to the semicore orbitals@nd 6 were =

defined. Within the muffin-tin spheres, the basis set, charge g

density, and potential were expanded in spherical harmonics - 201 ™0 ep
with a cutoffl,,=6. Outside the muffin-tin spheres, in the % N e
interstitial region, the wave functions are Hankel or Neu- 8 10l ]
mann functions which are represented by a Fourier series 5

using reciprocal lattice vectors. The same expansion is used 2 N

to represent the charge density and the potential. This treat- § 0 R
ment of the wave function, charge density, and potential does M BNy
not rely upon any geometrical approximations and the de- -10 —g oMb 4

scribed type of computational method is usually referred to . . : . L . .
as a full potential linear muffin-tin orbital methot~P- 15 16 17 18 15 20 21

3
LMTO). This so-called full potential methdd has previ- Volume (A%)
ously been successfully applied to many systems, including
also some of the actinidé&?!’ proving its reliability. FIG. 3. Total energy for plutonium, calculated in thePu,

In the calculation of the one-electron band structures the:-Np, 8-Np, «-U, bct (c/a=0.85), hcp(idealc/a), and fcc crystal
specialk-point method has been used with various samplingstructures, relative to the bcc structure, as a function of volume.
densities of thé points. In thea-Pu anda-Np structures 16
k points of the irreducible part of the Brillouin zoné8Z)  tioned eight crystal structures. The results from these calcu-
were used whereas f@-Np the corresponding number was lations are shown in Fig. 3, where we plot the total energy
18. This may seem to be relatively small number& pbints  for the different structures as a function of the atomic volume
in the IBZ for these structures where the IBZ is 1/2, 1/2, andrelative to the bcc total energy, which defines the zero energy
1/4 of the full Brillouin zone(FBZ) for a-Pu, a-Np, and level. In agreement with experiment our results confirm that
B-Np, respectively. However, an increase of the number othe a-Pu structure is the ground-state structure for pluto-
k points to 32 @-Np) and 40 (3-Np) only lowered the total nium. However, it is also interesting to notice that the energy
energy with about 0.1 mRy/atom at the theoretical equilib-for ¢4,Pu in thea-Np structure is very close. Notice in Fig. 3
rium volume. The electronic structure for plutonium in the that thea-Pu, a-Np, 8-Np, a-U, bct, and the bcc structures
a-U crystal structurgorthorhombic with 2 atoms/cglwas  are all considerably lower in energy than the hcp and fcc
obtained using 10@ points in the IBZ(1/8 of the FBZ. In  structures.
the case of the more symmetric bcc, fcc, and bct structures The finding that among the symmetric structures the bcc
the symmetry of the bct unit cell was consistently appliedphase is energetically similar to the more open structures is
and a total number of 15K points were used in the IBZ for quite interesting and deserves attention. First of all however,
those (1/16 of the FBZ. For the hexagonal close-packed we note that the energy differences between the fcc, hep, and
lattice, which we assumed to have an ide/al ratio, we used bcc structures of the light actinides can be explained in the
162k points in the IBZ(1/12 of the FBZ. To further inves- same way as was done for the transition metals, where the
tigate the convergence of thepoint sampling for the vari- work of Skriver® and Duthie and Pettifd? showed that the
ous crystal structures we chose the crystallographic paraneccupation of thel band is the important parameter for the
eters €/a, b/a, and positional parameteror «-Np, transition metals. By evaluating the band energies for the
B-Np, and bct in such a way that the structures described thiansition metals, one was able to conclude that the shape of
bcc geometry. Close to the theoretical equilibrium volumethe d density of states d-DOS) in conjunction with the
these test calculations showed that the total energy differenak-band occupation determined the crystal structures for those
between the structures was converged to about 1 mRy/atormetals. With the same technique as for th&ansition met-
als (using canonicaf band$? it has been shown that for
5f populations between 3 and(Ref. 17 the bcc structure is
lower in energy than the fcc and hcp structures. The reason

This section focus on the crystal structures of plutoniumfor this is that for $ occupations in this interval the Fermi
at low temperatures and pressures, their origin and influendevel is situated between the two pronounced peaks in the
on the anomalously low equilibrium density exhibited by thecanonical f-DOS for the bcc structure. Consequently this
plutonium metal. For that reason we have performed totastructure is very favorable for thesé populations. The light
energy calculations fog,Pu in the above mentioned eight actinides with $ occupations in this intervalg§Np—g4Pu,
crystal structures. As stated above we have chosen thesgU has somewhat less than threé &lectron$ could be
structures since they represent typical structures found in theiewed as counterparts to the nonmagnetic tdcansition
d-transition metalgbcc, fcc, and hcpor in the actinidegbct  metals Nb, Mo, Ta, and W which all hawt occupations
(a-Pa), a-U, a-Np, B-Np, anda-Pu]. In order to find the such thatEg lies in between the two peaks of the bcc
theoretical equilibrium density for plutonium we have mini- d-DOS. Thus, for the light actinides,U—g4Pu, canonical
mized the total energy with respect to volume for the menband theor® can be used to show that the bcc structure is

Ill. CRYSTAL STRUCTURES
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the calculated total energy of the hcp structure as a function
of c/a ratio. Interestingly, a nonideat/a value (c/a
~1.85) optimizes the hcp structure. This optimized hcp
structure has an energy close to the fcc energy at this volume
(18.2 A 3, i.e., close to the theoretical equilibrium volume
] and this is in agreement with the hcp calculations by van Ek
1 et al?® However, this phase is still much higher in energy
] than, for instance, the bcc energy. At elevated pressures the
. , o optimized hcp structure is also much higher in energy than
16 17 18 19 the bce structurédata not shown The reason for the large
c/a Ratio . M - .

c/a ratio in the hcp structure is interesting, since normally

one encounters/a ratios close to 1.68ideal packing. The

hep plutonium

ideal value

Energy ( mRy )
O = N W & W

FIG. 4. Relative total energies for the hcp crystal structure of |. . .
plutonium calculated as a function of the axial ratia at a volume distortion of thec/a ratio of the hcp structure away from

of 18.2 A® (i.e., a volume close to the theoretical equilibrium vol- ideal packing is in “ne_With the fact that the hep and bC_C

ume. structures are related via a so-called Burgers transformation
path?® In the Burgers transformatioril 1 0) planes of the

bce structure are shifted and followed by a Bain strain of the

lower in energy than the fcc and hcp energies, in agreement .26 .
with Fig. 3 as well as with the calculations of Skrivér, bec lattices® These displacements lead to a crystal structure

although for uranium the bcc and hcp energies are verWlth a hcp geometry, but _the/a axial ratio of this hcp
close. However, this theoretical model is only useful when>UUCture is larger than the ideal value and therefore, along a
the comparison is restricted to close-packtat or hcp or Burger transformation, a hcp _stru_cture W|_tr_l:t:a>_1.63 is
nearly close-packedbco) structure<® This is because the closer to the b_cc structure. This gives additional information
electrostatic energies are very similar for these structures arf@” Why a nonideal hcp structure has lower energy than the
can be essentially neglected when the comparison is rddeally packed hcp structure since the former structure is
stricted to these three phases. For other phases this differeng@Ser to the bee structure which in turn is even lower in
in Madelung energy has to be considered explicitly togethefn€rgy. We mentioned above that using a canonical band
with overlap repulsion. The Peierls—Jahn-Teller distortionmodel for thef bands one could argue that fbiband occu-
mechanism, favorizes low symmetry structures over higHPations between 36, the bcc structure should be favored
symmetry structures for narrow band systems, and must bver the hcp and fec structuté Hence for metals with 6
considered in the present context. Taking into account botRopulations within 3-6 one should expect a nonideala
of these arguments it is natural to find crystal structures foPxial ratio to optimize the hcp structure. Both neptunium and
uranium, neptunium, and plutonium at low temperatures an@lutonium have 5 occupations within this interval, whereas
pressures that have low symmetry, and can be obtainedfanium has somewhat less than thréeetectrons at ambi-
through a distortion of the bcc parent lattice. Rgt) (Ref.  ent conditions. For neptunium the optimizeth axial ratio
21) and o3Np (Ref. 17 it has been shown theoretically that Was calculatedFP-LMTO) to be larger than the ideal value
their equilibrium structures, which both for uranium and nep-(¢/a~ 1.79 whereas for uranium the/a ratio was rela-
tunium can be viewed upon as distorted bcc structures, tran§vely close to the ideal valuec(a~ 1.70.%
form to the bcc structure at sufficiently high pressure. Our In view of the structural properties of plutonium, dis-
present work shows that this also happens for plutoniungussed above, it is interesting to ndféig. 5 that the 5
(Fig. 3 but this prediction has not yet been observed. Thé?OS for a-Pu (upper pangland bcc PuUmiddle panel are
basic explanation for the occurrence of the bce structure ifiather similar, with two broad features, one above and one
compressed plutonium metal is that a broadening of the 5below the Fermi level, whereas the hcp-BOS (lower
bands will eventually make the Peierls—Jahn-Teller distorpane) and fcc §-DOS (not shown are somewhat different.
tion less importantsince less energy can be gained by thisFor a-Pu(upper panglwe show the $-DOS only for one of
mechanism for broader bandshich will favor more sym- the 16 atoms of the cell since the difference between the
metric structure$! various atoms is not significant for this discussion. The simi-
From the above discussion, that bcc is the most stable dérity in the 5-DOS for the bcc andv-Pu structures indi-
the high symmetry structures of plutonium, it is not surpris-cates thate-Pu is closer to the bcc structure than, for in-
ing to find that this phase becomes the stable one at higstance, the hcp or the fcc structures and this supports the
pressure. Fig. 3 confirms this picture and the transition to thigrguments outlined above as well as the ones of earlier
phase occurs at about 20% compressigiv~ 0.8). This  studies.’ This observation further explains why many of the
result is also partially supported by very recent experimentastructures found in the light actinideg, — o,Pu in particu-
findings for plutoniund® which show that the metal trans- lar) may be viewed upon as distortions of the bcc structure.
forms to a structure with higher symmetry ¥fV,~ 0.8, Our calculated DOS curve fa-Pu in Fig. 5 may be com-
which was interpreted as a distorted hcp structure. We notpared with x-ray photoemission spectra of the valence band
here that the hcp and bece structures can be viewed as distdir this materiaf® The calculated DOS curve has-a2 eV
tions of each other, along the Burgers p&tiThe fact that (0.15 Ry broad feature centered at 0.5 eV (0.04 Ry
the low-temperature structures of plutonium sometimes arbinding energy. This is in acceptable agreement with the
compared to the hcp structdfé* has inspired us to also measured spectrum, showing-a2.5 eV broad feature cen-
consider this structure in our calculations. In Fig. 4 we showtered at 0.5 eV binding energy.
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choice of muffin-tin radius in our computational method and
could therefore not be compared directly with the results
presented in the paper by van Ekal?® However, a com-
parison of the population between the different structures
(they all have the same muffin-tin radjus still possible. In
agreement with van Eé&t al. we find that thed occupation is
somewhat larger for-Pu compared to the other structures,
although the difference between theNp and thea-Pu
structures is quite small. Our calculatedccupation, how-
ever, is very much independent of the actual crystal struc-
ture, in disagreement with the results obtained by van Ek
et al. Table | further reveals that thiepopulation is slightly
enhanced for the most complex structur@sNp, a-Np, and
a-Pu). Considering the featureless shape of th®OS in
Fig. 5 we conclude that the small increase in thpopula-
tion of the «-Pu phase compared to the other structures is not
the reason that this phase is the most stable. Note also that
the bcc and hcp phases have very simitaroccupation
T e e (Table ) but the bcc total energy is much lowéFig. 3).
2.5 0.0 25 This thus illustrates that the occupation number of tde 6
Energy (eV) orbital is not the most important factor determining the
chemical bonding and crystal structure ®fPu. Instead we
FIG. 5. 5 (full line) and &l (dashed ling electron density of argue, as has been done beﬁ)?é? that it is the 5 states
states (states/eV/atoinfor a-Pu (upper panel bcc Pu(middle \yhich dominate the bonding and as discussed in the previous
pane), and hcp Pu(lower panel calculated at the experimental ¢ tion it is the shape of thef DOS, the position of the
room temperature equilibrium volum@Ref. 24. The calculated Fermi level, and finally the electrostatiMadelung energy
density of states has here been convoluted with a Gaussian functiqﬂat are thé most important factors for the determination of
of width 0.05 eV. ; L . . .
the crystal structure in the actinide materials, including plu-
tonium.

[ L [=,)
T T T

=)} [e=]
T

[3%3
T
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Density of States (states/eV)/atom
N

[ %] L [=2)
T T T

IV. OCCUPATION NUMBERS

It was recently argued that the reason for the tendency V. ATOMIC VOLUMES
towards open crystal structures in the actinidasd pluto- o )
nium in particulay is primarily due to an increased popula-  Neéxt we analyze the equilibrium volume for plutonium.
tion of the & band, which has a strongly itinerant As mentioned in the mtroduc'qo(ﬁlec. b’. plutonium shoyvs
characte?® Furthermore it was suggested that the bonding iR @nomalous volume behavior since it haarger atomic
these structures wasot dominated by the 5band although Volume than its preceding metalNp. This anomaly is im-
the increasedBbonding also encountered in these structureg0rtant since it gives rise to appreciable effects on other
allowed for considerable lowering of the total energy. Here Properties ofa-Pu. For instance, it is the Main reason for the
and in our previous studiédwe argue that it is indeed the €xtremely large thermal expansion @fPu:™ Suggested ex-
occupation of the & bands that is responsible for the open Planations for the upturn of the atomic volume fgiPu,
and complex structures in the actinide series. In Table | wéelative to the ;Np volume, are that the f5electrons in
present our calculated occupation numbers for plutonium ifPlutonium show a tendency towards Iocahzafﬁ)??_o.g., the
the eight investigated crystal structures at a volume close tgf localization that dramatically lowers the density in ameri-

the (a-Pu) volume(19.4 A3). These numbers depend on the Cium has to some degree already begunnu or that the
relativistic spin-orbit splitting of the 6 band gives rise to

this behavior. Fully relativistic calculationtbased on the
Dirac equation and with a spherical approximation for the
charge density and potentidor fcc plutonium show that the
relativistic spin-orbit coupling leads to a slightly decreased
5f bonding for g,Pu and consequently an increased equilib-

TABLE |. Calculated occupation numbers for plutonium in
eight crystal structures at an atomic volume 193 dhd a 1.24 A
muffin-tin radius.

Structure S p d f Interstitial . 10 ) :

rium volume.” One purpose of the present section is to
bcc 2.06 5.05 0.84 4.60 3.45 elaborate on this long-standing issue.
fcc 2.07 5.04 0.81 4.65 3.43 Figure 2 shows the calculated atomic volumes for the fcc
hcp? 2.07 5.04 0.82 4.65 3.42 and thea-Pu structure and we compare them with the calcu-
bect 2.06 5.04 0.84 4.61 3.45 lated equilibrium volumes for the other light actinides
a-U? 2.05 5.05 0.84 4.64 3.42 (evaluated both in the low-temperature structures as well as
B-Np?@ 2.04 5.05 0.86 4.67 3.38 in a hypothetical fcc structuyeThe zero-temperature calcu-
a-Np?@ 2.04 5.05 0.92 4.70 3.29 lations are corrected for thermal expansion since the experi-
a-PUR 202 502 098 474 3.24 mental data are measured at room temperdfue have

done this by means of the experimental thermal expansion
@Average value per atom shown. coefficient(a correction using the theoretical thermal expan-
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sion coefficient® gave a very similar resylt Notice that

94PU in the fcc structure has a considerably lower volume Th

than g3Np, and hence these isostructural calculations do not 20 Pa

reproduce the observed behavior of the atomic volume men- 15|

tioned in the introduction. This result is in agreement with =

earlier full potential calculations for plutonium in the fcc & 19|

crystal structuré® The same conclusion can be drawn from ;; bee
calculations based on th®8-Np structure. As is clear from & 5 U

Fig. 2, minimizing the total energy of Np and Pu in the Eﬂ ‘\

B-Np structure with respect to volume leads to a larger equi- S 0 ey e
librium volume of Pu than for Np. However, when the true = sl |
low temperature structures are considered-Np and Np "B-Np’

a-Pu), the calculations indeed reproduce the experimental  -10 | p,

observation with an upturn of the atomic volume between

these two metals. The reason for this anomaly of dhBu
volume is thus mostly due to its unique crystallographic
properties. It has been argued from so-called full charge den-
sity calculationgalbeit with a spherical potentigf that the _ o
structural properties of the phase are not responsible for FIG. 6. Calculated total energy as afunct_lon of atomic position,
the rise in volume betweegNp and o,Pu. Our present cal- u, for a crystal structure which is approximately the observed
culations show that the crystal structures, in fact, are decisivg_\P Structure fon=0.375 and the bcc structure for-0.50(Ref.

for the equilibrium volume and that a consideration of the 7). The Ca.lcmat'ons. are don? for the "g.h.t ?Ct'n'd@gh_g“Pu
correct structures indeed reproduce the experimental trenal.ose to their respective experimental equilibrium volumes and the

To exemplify the important influence that the structures haVeenergles are shifted so that the bcc total energy is equal to zero for

0.35 0.40 045 0.50 0.55
Atomic displacement, u

A - . h metal.
on the equilibrium volumes we observe that the difference inoc Med
the equilibrium volume between bcc and fcc neptunium is VI. CONCLUSION
about 7%(Ref. 17 and for plutonium this difference is al- _
most as much as 10¥mot shown. In the description of the In summary we have demonstrated that the highly anoma-

parabolic trend displayed by the equilibrium volume of thelous crystal structure oix-Pu is reproduced by accurate
light actinides it seems sufficient to use almost any crystaflensity-functional calculations. We conclude that the pecu-
structure in combination with spherical potentials. However iar crystallographic properties of this material are not a fin-
in order to resolve the smaller features, such as the rise igerprint of strong electron correlations or quasilocalization
atomic volume between neptunium and plutonium, the truedf the & states. We further conclude that thé band is
crystal structure obviously needs to be considered. dominating the bonding in these systems and that tthe 6
We now put our results in context with previous theoriesband is of less importance for the crystal structure. The spec-
attempting to explain the upturn of the-Pu volume. First tacular crystallographic properties of this material are instead
we note that since we are able to describe accurately thenderstood from delocalizedf States, in the same way as
crystal structure and equilibrium volume of plutonium, thefor the earlier actinides, with the key ingredient being a
electron correlation effects seem to be equally well describe®eierls distortion caused by thé bands. Let us investigate
by the GGA ina-Pu as they are in the other light actinides. these arguments in some detail by comparing two similar,
The suggestion that the anomalous atomic equilibrium volbut yet different crystal structures, namely, the bcc and the
ume is a sign of an onset of localization, or a fingerprint of 3-Np structure. Both these structures yield low total energies
strong electron correlatiof$:*° not being accurately de- for plutonium, see Fig. 3, but bcc has a very high symmetry
scribed by density-functional theory, thus seems less likelyas opposed to th8-Np structure. Nevertheless, they are very
The other argument, that the large volumeggiu is related similar and an approximate one-parameter path can be de-
to the relativistic spin-orbit effecf is more plausible. In fined between these structurésihen the parametar (an
fact, we find that by neglecting this interaction in our calcu-atomic position is equal to 0.5 and 0.375 the structure be-
lations we obtain a slightly different volum@bout 1%, not comes bcc and approximateB+Np, respectively. We have
shown) for a-Pu. However, the inclusion of the spin-orbit calculated the total energy for the light actinides their
coupling did not affect the trend of the calculated atomicexperimental equilibrium volumefor this path and the re-
volumes for the light actinides. The mechanism shown insults are shown in Fig. 6. Notice that for uranium, nep-
Ref. 10, that relativistic effects reducing the chemical bondtunium, and plutonium the approximaj@-Np structure is
ing from the 5 shell, are also present in our calculations, lower than the bcc structure which indicates that the Peierls
thereby expanding the equilibrium volume. However, rela-distortion is effective in lowering the energy for these met-
tivistic effects also influence the semicore states such that thals. Neptunium and plutonium, in particular, are more stable
sum of all the effects cause the equilibrium volume ofin the distorted3-Np type of structure and this follows from
a-Pu to be rather insensitive to the treatment of the spinthe fact that lowering the crystal symmetry results in fewer
orbit coupling. However, we find that the detailed electronicdegenerate 5bands in the vicinity of the highest occupied
structure of for instance thef and is heavily influenced by level. This can be illustrated by comparing the-BOS for
the spin-orbit coupling, in agreement with the conclusionthe bcc and ‘B-Np” structures. In the upper panel of Fig. 7
made by other researchéfs:! the 5-DOS for the “8-Np” structure is shown and in the
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energy states away fromg to lower energies and conse-

quently the band energy decreases. TleD®S, on the
8 other hand, is very similar for these two crystal structures,
al and does not seem to be of any importance for the crystal
- structure. The results shown in Fig. 6 illustrate that an in-
Z o4t creased 6 occupation drives low symmetry structures. We
3 compare Fig. 6 with Fig. 6 of Ref. 17, where a very similar
g 27 study was performed for Np at ambient and compressed vol-
5 0 umes. Curves of exactly the same shape as in Fig. 6 are
= found in Fig. 6 of Ref. 17. The reason for this is that com-
% 8 bee pressing neptunium broadens thk Band, reducing the ef-
2 fect of the Peierls—Jahn-Teller distortion. The same reduc-
g 61 tion is found when depopulating thé Band by going from
A4l oaNp to gU, g;Pa, andgoTh.
We have also predicted that the high pressure phase of
2 plutonium will attain the bcc crystal structure and this tran-
T A A sition is calculated to occur at about a 20% compression of

4 3 2 -1 90 this metal.
Energy (eV ) Finally, we have shown that the unique crystal structure
of plutonium results in an anomalously large equilibrium
FIG. 7. Calculated & (full line) and &l (dashed lingelectronic ~ volume at room temperature, which is larger than for the
density of states for plutonium in an approximg@eNp structure ~ preceding metal, neptunium. Hence we demonstrate that al-
(upper panéland in the bcc structurower panel. The density of  though many of the ground-state properties of plutonium are
states has here been convoluted with a Gaussian function of widtanomalous the description of its phase does not require a
0.03 eV. Energies are in eV and the vertical line indicates the Fermgpecial theoretical approach, and thaplutonium is the last
level. actinide metal with a delocalized Hand.
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