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Aceurate total energy eleetronie structiure ealeulations hiave recently heen earried out over
a rimee of volumes for seleeted rare earth and actinide clements in erystal stiraetires ex

perimentally abserved in these elements. Correet zero temperature coystal stractures are
abtained. wd ealenlated equilibrimm propertics are in reasonable agreement with exper-
iment. The results of these ealenlations indieate that the interactions anderlying erystal
structure stability are similar in itnerant £ electron metals and transition metals, The
stable erystal strueture at a particular volmme is determined by o balanee hetween one

cleetion bandwidths and hand illing: and the eloetiostatie enerey of the cryetal lattice,
Broad binds favor high syimetry, close packed stinetoees while narrow hands Gvor low

svmmetry, open strachres: allowing, for expansion s well s contraction. hoth temsition
and actimide elements can be stabihzed in bhoth low and hinh “Nimety -'I_\'.-;Inl strnetures.



INTRODUCTION

The clementary equilibrimm honding properties of the licht actinides Th - Pu are
~tnlar 1o those found in the transition metals. The volimes, coliesive energies and bulk
moduli show parabolie trends characteristie of successive filling of honding thronght. anti-
honding orbitals. Despite this general similarity, there arve distinenive differences hotween
the honding properties of actinides and transition metals. One striking differenee is to be
found in o comparizon of the stable erystal structnres. With few exeeptions, the transition
metals exhibit an hep -+ hee -0 hep =» fee erystal strueture sequencee s the d-hands are
filled aceross o series. In contrast, the actinides form in progressively more open, lower
symetry erystal struetures as the nnmber of £ eleetrons is inereased. The sequence is Th

tiee), Pa (het ), U (hase centered orthorhombice), Np {orthorhombie), and PP (monoelinie).

Ab-mitio clectronie structure ealeulations, using density functional theory in the loeal
density approximation, have been earried ont for the majority of the transition metals, Ce,
and many of the actinides,! 3 These ealeulations Liave shown that, with few exeeptions,
the equilibrini bonding, properties are obtained in the loeal density appreximation with

pood necuracy,

The struetural phn e stobility of the transition metals has also been suecessfully
treated by these ealeviations.! The mechanism determining the equilibrinim erystal strae.
tires of the transition ietals is well understood. Duthie and Pettifor! and Skriver! showed
that the ervstal struceture stability of o transition sevies s detepmined by the anmber of
elections in eanouieal o hands: the hiph symmetey straetore (fee, hee, or hep) that imini
meees the one eleetion cigenvalue sam for o paatienlin mmber of o eleetion: js the sable
civetal stineture The ervatal stinetsue stability of the ieht actipides, in copstiast, s not
well maderaood., T has heen speenlated™ tha the veimon these natenals pretor onen, low
sxvipmenn v struetimres, e contiet to the close packed s traetes of the tianeition metals,
mav be tuaeed to the inereused dinectionadity of [ orbitaln, companed with o onlatals piving

tise to covalent howds that m tin yield the open stonetages,

Recently, acenrate electionie struetire ealeulation: have heen applied to the calenla
Hon ol the strnctural pluee stability of Ceaned the it actinndes Pl U D thas pagen

we will hoetly deenees the et of these calealation:, aned dense the aplc ations of the



results for nnderstanding the erystal struetnres of itinerant. £ electron materials,

RESULTS

It hias been only reently that eleetrouie structure eaienlations have been suceessfully
applied to the caleulation of Ce and the light actinides in their true erystal structures.
These ealeulations inelude the (zero temperature) high pressure phase diagrimn of Ce 7
the equilibrinm phase diagrams of the light actinides Th -» U* and the high pressure
phiase diagram of Th.? Tn all cases. good agreement with experiment. was obtained for the
stable erystal structures and structural paraneers, transition pressures, and equilibrinm
houding properties, In all these caleulations, we lind similar treuds. The f band ocen-
pation imereases, with a corresponding decrease in sd hand oceupation, continmously with
deerensing volnme. With decreasing voluime, the f band density of states (DOS) broadens
althouph its shape remains approximately the same. And. at a tixed volume, the erystal
strncture sequence fee v et v a-U strueture is charaeterized by saecessive breaking of
degeneracies in the DOS, while the handwidth remains (approximately) constant.,

We find a stroetaral phase transition in Ce, lom o (fee) to o’ (o U stracture), at a4 f
oceupation of ~ 1.1 and a pressure of ~ 70 Kbar (the o strueture was not. onsidered in
these caleulations), This transformation is clearly o result of inereasing 4 f oceupation; the
transition coeurs al the point where the ocenpation of the |4 f hand lowers the one electron
cigenvalue sum sufliciently to overcome the inerense in electrostatic energy on transforming
to the o U straeture, Th exhibits stimilae hehavior, With decreasine, volume, the 51 band
occupation inereases until, ot oan ocenpation of < U O cleetron awl o pressore of o~ |
Nibars Th transformes from fee s bhet™ "™ (the bet pliase, with ofa 106, s o distorted
fee stineture),

With decreasing, volume, althonph the | oceupation continues 1o inerease, Ce trames
fonme from the o T ostenetire toca hipher syymmetey straetinne; at a pressare of - 10 Khar
with an f occupition of 1.0, the Lt stivcture Glistorted fee) heeomes stable, Apain,
Th behaves similandy. With deeteasing, volume, althoueh the f ocenpation inereases, 'T'h
tansforms baek to the fee phase The phase diam of UV ealenlated for the Tee, bet,



strueture s ~ 790 Kbar. This increased sytamerry transformation is similar to the second
phaze transition in Ce, It the ¢/a ratio in bet-U is ~ 0.83 (distorted bee). Apain, the

[-biand oecupation increases contimously with deercasing volmne.

DISC'TSSION

The stability of low-symmetry structures in Ce and the light actinides is correlated
with the filling of sulliciently narrow f bands. A metal with degenerate electronie states
at the Fermi energy can lower its one eleetron energy by Jalin-Teller distortion:'! i.e., by
lowering its symmetry to break degeneracies at the Fermi energy and thus move occupied
states to a lower energy and unoceupied states 10 a higher energy. I the density of states
at the Fermi energy is sufliciently large, the one eleetron energy will be lowered enough to
overcome the inercase in eleetrostatic energy aceompanying the distortion.

This mechanism for lowering the energy 18 demonstrated in Fig 1 for Al Shown in
this figore is the density of states (DOS) of bet Al with efa .2 045, calenlated at fonrfold
expansion in volume, Superimposed on the bet DOS is the fee DOS at the same volume.
At this volume, the bet structure is lower in energy than the fee steneture (the straetare
at eqquilibrinm) by ~ 25 mRy; the width of the Al p baned at this volmne is comparable to
the bandwidth of U it equilibrinm. The souree of this difference is evident in Fig, 1: the
sharp penk in the Al fee DOS is split by tetrngonal symmetry, moving, oceupied states to
lower energies nnd thereby lowering the total energy. More relevant to the discussion here,
bt somewhnt more complex, is the DOS of o UL compared with the DOS of fee U, near
equilibrivun shown in Fig, 2. The same mechanism diseussed in conpection with Fie. 1 for
lowerineg the enerpy is evident in Fiy, 2.

If the total cnergy is to he lowered by lowering, the symmetry, the DOS at the Fermi
enerpy must be lupge enouph for the gain in one eleetron eneepy 1o overeome the inerease
in elechiontatie energy; henee the onset of low semmetry straetures as the actinide series
i traversed sl s the | ocenpotion mereases with pressme, With deereas mie, volmne,
despite the inerease in ocenpation, the [ bands broaden, and the Jalin Telle mechanizm
becomes leas elfective, while the pan in elechromtatic enerey in higher symmeny steaefures

incrensen; henee the inerese msymmetry exhibited by U altunately by Ceand 'Th,
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Fieae 1. The density of states (DOS) of et Al (sodiel Line, v shaded), /0 Odh, ol a
volume VO 3y, where Vs the equilibiinm volime, Superimposed on the het DORS s
the DO of Tee AL Chaded enrve) st the samme volume,
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Firnre 0 The denzity of states pep atom (DOSY of o E gsolid line, an shaded) ot the
eyvperimental equilibimme volume, Supetimposed ou the o U DOS s the DOS of fee U
Ciadaed enrve) at the same voline,



a8 the volume deerenses. We expeet, on this basis, that, at a sulliciently small voluines,
all £ electron systems will stabilize in one of the elose-packed fee, bee, or hep structures,
the particular structure heing determined by band Gilling, as in rhe transition metals.

It was shown, in Fig. 1. that Al a simple metal, would be stabilized in o low syimmerry
structure (het) af bandwithi. comparable to those found st cquilibrinm in the actinides.
In Fig. 3. we show the ealeulated total enerpy of N in the bet (e¢/a = 0.825) and o-U
structures, relative to the bee structure, at expanded volnmes. Nb, o normal transition
metal, at contracted volumes, would stabilize first in the bhet structure and finally, at a
J bandwidth comparable to the / bandwidth of U, in the o-U strocture. In combina-
tion with the Ce and light actinide resalts, this suggests that when - and f-handwicdths
are comparable, transition metals, rare earths, and actinides stabilize in similer crystal
structures, driven by the snme mechanisims, The difference between - ad [ hand widths
at equi’ rinm accounts for the difference in stable equilibrivm structares: with respecet
to erysol straeture stability, the transition metals and the actinides represent different

regimes of consistent itinerant -electron behavior.
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