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We present density-functional results®Pu obtained from three electronic-structure methods. These meth-
ods have their individual strengths and are used in combination to investigate the magnetic and crystal stability
of 5-Pu. An all-electron, full potential linear muffin-tin orbitalEPLMTO) method, that includes corrections
for spin-orbit coupling and orbital-polarization effects, predi&Bu to be an antiferromagnet at zero tempera-
ture with a volume and a bulk modulus in very good agreement with experiment. The site-projected magnetic
moment is smaller than expected (.5 ug) due to large cancellation of spin and orbital moments. These
calculations also predict a mechanical instability of antiferromagt@&g 5-Pu. In addition, techniques based
on the Korringa-Kohn-RostokefKKR) method within a Green's-function formalism and a projector aug-
mented wavgPAW) method predict the same behavior &Pu. In order to study disordered magnetism in
5-Pu, the KKR Green's-function technique was used in conjunction with the disordered local-moment model,
whereas for the FPLMTO and PAW methods this was accomplished within the special quasirandom structure
model. While AF§-Pu remains mechanically unstable at lower temperatures, paramag+itidés stabilized
at higher temperatures where disordered magnetic moments are present and responsible for the crystal struc-
ture, the low density, and the low bulk modulus of this phase.
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[. INTRODUCTION spin and orbital correctiorfsBoth these approaches repro-
duce several properties 6fPu but the former theory is not

Plutonium metal is located in the series of actinides in theaccurate enough to deal with tlee phase of Pu. The latter
periodic table of elements, does not occur naturally, but isalculation§ accurately describe:-Pu but predict ordered
man-made for nuclear power purposes. With the practicanagnetism in5-Pu which has not been confirmed by experi-
importance of this material it is essential to understand itsnent.
fundamental properties. Pu, however, is an extremely com- In the present paper we follow the ideas put forward by
plicated metal with a most anomalous phase diagstmw-  Soderlind® but expand the investigation to study several
ing as many as six distinct phases, see Fig. 1. The groundnagnetic configurations af-Pu including models for disor-
state a-Pu is relatively well understood with cohesive and dered magnetic structure. Also, the structural stability of the
structural properties governed by narrow Bands contain- fcc § phase is investigated. To this end, full potential linear
ing about five electrons. Density-functional electronic- muffin-tin orbitals (FPLMTO), Korringa-Kohn-Rostoker
structure calculations predict the density, bulk modulus, crys-
tal structure, thermal expansion, and magnetic properties in
good agreemefhwith experiment. This gives us strong con-
fidence in density-functional theo¥FT) because many of
the above properties are in fact quite anomalous and unex-
pected for a metallic element. Also, the fact that the close-
neighbor metal, uranium, is very accurately described by
DFT including delicate details of the crystal structure as well
as elastic constantsupports this notion. This ground-staie
phase is, however, very brittle and not suitable for engineer-
ing applications whereas the face-centered-cytuic) 5-Pu
is more ductile and useful in practice. The purefphase is
stable at about 600 K but can be alloyed with a small amount
of, for example, Ga, Al, Sc, Ce, or Am which will stabilize
5-Pu at lower temperatures.

Although technologically more importan§-Pu and its
alloys are less understood thanPu. For instance, DFT,
which relatively accurately describesPu, underestimates
the volume of5-Pu by about 20%, overestimates the bulk
modulus by 300%, and predicts negative elastic consfants.

Atomic Volume ( A3 )

. . | 1 | { |
To remedy this, severald hoctechnique¥ ™’ have been ap- 100 300 500 700 900

plied to 5-Pu attempting to reproduce experimental data. The Temperature ( K )
most recent publications are based on the dynamical mean-
field picture of Savrasoet al®%and conventional DFT with FIG. 1. The experimentgRef. 1) phase diagram of plutonium.
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(KKR), and projector augmented wa#eAW) methods have atom. Spherical harmonic expansions were carried out
been employed and these are described in Sec. Il. The rédroughl,,,,=6 for the bases, potential, and charge density.
mainder of the paper is organized as follows. We present oufwo types of crystal structures were considered here. First,
results from studying stability of the magnetic structures inthe antiferromagnetic, ferromagnetic, and nonmagnetic struc-
Sec. Il and structural stabilities in Sec. IV. Also, in an at- tures were accounted for in a two atom/cell simple tetragonal
tempt to compare our electronic structure with experimenstructure. Within this structure the axiala ratio distin-
and other models, we present the calculated electronic deguishes between fccc(a=2) and body-centered cubic
sity of states in Sec. V. Lastly, in Sec. VI, we offer our (bcg (c/a=1). Otherc/a values were also considered when

conclusions and ideas for future work. studying mechanical instabilities. A special quasirandom
structure model with an eight atom super cell was used to
Il. COMPUTATIONAL DETAILS approximate a disordered magnetic structure with zero total

) ) spin moment described beloi@ec. Ill). The sampling of the
In this paper we calculate the electronic structuré®fu  ;-.oqucible BZ was done using the spediaboint method?
using a combination of three methods which each have diszn 4 the number ok points used were up to 800 in the two
tinct advantages. The most accurate method, which is alsgy,m/cell calculation and about 10 for the eight atom/cell

the most computer intensive, is an all-electron FPLMTO_y 0 jation. To each energy eigenvalue a Gaussian was asso-
method that will be described first. Second, we give the deg;ateq with 20-mRy width to speed up convergency.

tails of a KKR method which is computationally efficient
with the added advantage of being able to treat ordered and

disordered alloys within the coherent-potential approxima- B. KKR
tion (CPA). This latter feature enables the disordered local-
moment(DLM) method to be used to describe disorderedfOr
magnetism without the use of a super cell. Lastly, we de-Gr
scribe a PAW method with a plane-wave basis set, whicqh

enables efficient calculations of forces and relaxations. Thesg, ) oq by addition of higher multipol&of the charge den-
three methods all rely upon the density-functional theor

. e ]sity, and the so-called muffin-tin correctiGrto the electro-
with recent approximations to the electron exchange

. : - Jstatic energy is also included. The calculations were
correlation fur_lct|ona|. In addltl_on, th_e FPLM_TO method In- performed for a basis set including valersged f orbitals and
clude corrections due to spin-orbit coupling and orbital

o the semicore p state whereas the core states were recalcu-
polarization. lated at each iteratiorisoft-core approximation For the
electron exchange/correlation energy functional the most
A. FPLMTO recent® local Airy gas approximation has been used. Integra-
The parameters of the calculations are the same as tho§en over the irreducible wedge of the BZ was performed
given earlief but the more important details are repeatedusing the speciak-point method® with 916k points. The
here. This electronic-structure method is an implementatiofmoments of the density of states needed for the kinetic en-
of density-functional theory as applied for a bulk mateffal. ergy and the valence charge density were calculated by inte-
It is a first-principles method; no experimental numbers aregrating the Green’s function on a complex energy contour
used in the calculations except for the nuclear charge whickwith a 2.5-Ry diametgrusing a Gaussian integration tech-
is 94 for Pu. The approximations in this approach are limitechique with 30 points on a semicircle enclosing the occupied
to the approximation of the exchange/correlation energytates. The equilibrium density of Pu was obtained from a
functional, cutoffs in the expansion of basis functions,Murnaghar’ fit to about ten total energies calculated as a
k-point sampling in integrations over the Brillouin zone function of lattice constant.
(BZ), and the Born-Oppenheimer approximation. For the The calculations were performed for nonmagnehi/)
exchange/correlation approximation we used the generalize@pin degeneragy ferromagnetic(FM), and antiferromag-
gradient approximatiofGGA),* which has proven to be netic (AF) magnetic configurations. Also, magnetic disorder
better forf-electron metals than the more commonly usedwas modeled within the CPR. This was accomplished by
local-density approximatiofLDA). Spin-orbit coupling and  using the so-called disordered local-moment model. In order
spin/orbital polarization were allowed for, in the same wayto calculate the DLM state, one uses a random mixture of
as has been described earfier. two distinct magnetic states, namely, the spin-up and spin-
The use of full nonsphericity of the charge-density anddown configurations of the same magnetic species in the
one-electron potential is essential for accurate total energiesysten:° Thus, the total energy for a system with completely
This is accomplished in our method by expanding charggandomly oriented local moments can be calculated. Here we
density and potential in cubic harmonics inside nonoverlapfepresent a paramagnetic statesefPu as a PEJJPLE,O alloy.
ping muffin-tin spheres and in a Fourier series in the inter-
stitial region. In all calculations we used two energy tails
associated with each basis orbital and fa&; &p, and the C. PAW
valence states & 7p, 6d, and 5) these pairs were differ- The norm-conserving pseudopotential sch&mdas
ent. With this “double basis” approach we used a total of sixshown to be a powerful technique for performing large-scale
energy tail parameters and a total of 12 basis functions pestatic as well as dynamic DFT calculations using a plane-

The calculations we have referred to as KKR are per-
med using the scalar relativistioo spin-orbit coupling
een’s-function technique based on the KKR method within
e atomic sphere approximatioh* Here the ASA is im-
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wave basis set. Transferable pseudopotentials of this kind '
however, can become computationally very expensive wher 60 - (a)
applied to transition off-electron systems, because of the
required small core radius. A remedy to this problem was
proposed by Vanderbilt in the ultrasoft pseudopotential 40 +
schemé! where the norm-conserving condition is relaxed
and the core radius can be moved out to approximately half
of the nearest-neighbor distance. In this approach, localizec 20 -
atom-centered augmentation charges need to be introduce
Blochl?? developed a generalization of the Vanderbilt ultra-
soft pseudopotential and the linear augmented plane&tave ~ 0
methods, i.e., the projector augmented wave technique £
Within the PAW method, the all-electron wave functions are S ¢ |-
related to the pseudowave functions via a linear transforma=~%,
tion.

We have performed scalar relativistic spin-polarized PAW & 4 |
calculations for Pu using theasp code?® The electronic
exchange/correlation energy functional was represented us
ing the GGA approximatioft: The calculations include 16
valence electrons, including the semicore &d 6 states
with a plane-wave cutoff of 23.4 Ry. The Brillouin zone was
sampled with the same grid &fpoints for all the spin con-
figur%tions, equivalent to an>88x8 fcc Monkhorst-Pack
grid.

The PAW method was checked and compared to the
FPLMTO method with the same exchange/correlation func- 50 |
tional and no spin-orbit coupling. The two methods gave
nearly the same equilibrium lattice constagthin about
1%) for both the spin-polarized and spin-degenerate treat- 30 -
ments of fcc Pu, suggesting that the PAW method is perform-
ing as well as FPLMTO for this property of Pu.

5-Pu |

FPLMTO

50 -

30

10

50

30

rgy

Total Ene

60 -

20

10 -

IIl. MAGNETIC STRUCTURE

18 20 22 24 V526 28 30

As has been mentioned earlfeBFT predicts a spontane- Atomic Volume ( A% )
ous formation of an ordered spin momentdrPu, whereas
in the ground-state--Pu a nonmagnetic state is favored. The ~FIG. 2. FPLMTO (a), KKR (b), and PAW(c) total energies
guestion of magnetism in Pu is somewhat controversial, bufmRy/atom for fcc Pu in nonmagnetioNM), ferromagnetidFM),
the most recent experiments known to these authors, addresltiferromagneti¢AF) type-l, and disordereD) configurations as
ing magnetism in Pu, are magnetic-susceptibility measure® function o_f_atpmlc volume. Dashed vertical line represents experi-
ments which show a Curie-Weiss-like behatfdf for 5-Pu. ~ mental equilibrium volume fop-Pu. (Ref. 33
The susceptibility ofx-Pu, however, is significantly different
and essentially temperature independ@ff. In the latter consistent with the experimentally suggested Curie-Weiss
work?’ attempts were made to fit the susceptibility of alloy- magnetic susceptibility ob-Pu.
stabilized 5-Pu to a modified Curie-Weiss law. For Pu In Fig. 2 we show FPLMTQFig. 2(@)], KKR [Fig. 2(b)]

6-at. % Ga the best fit gave an effective moment of [g2 , and PAW/[Fig. 2(c)] total energies as a function of volume
whereas the renormalized value for Pu 6-at. % Ce was$or four magnetic configurations, namely, NM, FM, AF, and
1.7 pg. disorderedD). the AF configuration is type | here, i.e., spin

From a DFT standpoint, the exchange splitting that giveanoments are aligned iL00) ferromagnetic sheets with ad-
rise to the formation of a large spin moment is very funda-jacent sheets having antiparallel spins and the spin quantiza-
mental and cannot be ignored because if the theory is cortion along theg 001] direction. This type of AF ordering was
strained to be spin degenerdmonmagnetiy; it fails to re-  predicted to be the most favorable in a previous stuatyd
produce any known properties 6fPu. In the following we this fact is also confirmed here. For the FPLMTO and PAW
address the question of magnetisnsiPu and study several calculations the disordered moment model consists of a spe-
magnetic configurations and also try to represent the parasial quasirandom structure with eight atoms/cell. This struc-
magnetic state via disordered local moments. This latteture is designed to mimic a perfectly random structure by
magnetic state, if stabilized, would fulfill the requirement of reproducing its behavior for the closest neighbors around
large exchange splitting produced by the DFT and also beach site, deferring periodicity errors to more distant neigh-
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TABLE I. Theoretical equilibrium volume\, in A%), bulk modulus B, in GP3, and site-projected spin
moment (g, in ug). For the FPLMTO calculations the orbital moment is given in parentheses. Experimen-
tal (Ref. 33 atomic volume and bulk modulus are 25.8 4nd 30—35 GPa, respectively.

FPLMTO KKR PAW
Magnetic order \% B s \% B s \% B s
FM 25.6 26 4.4 3.0) 29.0 30 5.7 27.1 24 5.2
D 25.0 42 4.3 3.0) 25.0 42 5.0 23.9 34 4.7
AF 25.6 35 45 3.0) 24.6 51 4.8 23.3 41 4.8

bors. For the KKR method the disorder is accomplished bytively accurately reproduce the anomalai®u volume and
the DLM approach described above. bulk modulus, especially for the AF and D configurations.

Reviewing Fig. 2, we realize that despite the great differ- Supercell PAW calculations for several other spin con-
ences in numerical implementations, our three DFT methodBgurations were performed in addition to the above investi-
are in good quantitative agreement and that AF is the enegations. Some of these included spin-restrictadnmag-
getically most stable configuration closely followed by a dis-netic) sites and others a mixture of local ferromagnetic and
ordered state about 2—5-mRy-320-800 K) higher in en- antiferromagnetic order. These studies can be summarized as
ergy. Considering the fact that the calculations assume zefllows. (i) Configurations containing nonmagnetic sites al-
temperature and-Pu is stable at about 600 K, this small ways increase the DFT total energies significantly and pre-
energy difference is not sufficient to rule out any magneticdict too small volumes fors-Pu. (ii) Local ferromagnetic
configuration. In fact, spin entropyS(;,) strongly favors alignment is always less favorable than an antiferromagnetic
the disordered moment state at higher temperatures becausggnment. (i) The AF type-l configuration, described
of the large spin momeniys, involved (us~5ug). As a  above, is predicted to be the lowest-energy configuration.
rough estimate of this contribution we could u$g,
=kgln(ust1) for a complete disorder of spins, and this IV. CRYSTAL STRUCTURE
amounts to about 7 mRy dt=600 K. , ) -

The effect of spin-orbit coupling in fcc Pu can be appre- In this section we stud_y the structural stablllty_of the two
ciated by comparing the FPLMTO results with that of KKR lowest-energy configurations, AF and D. E)_(perlment%ﬂly,
and PAW. The NM equilibrium volumes, shown in Fig. 2, 9-Pu is known to have a very small elastic constarit
obtained from KKR and PAW calculations are significantly Which could be interpreted as a tendency towards a tetrago-
smaller than that of the FPLMTO calculation, i.e., the spin-nal distortion of the fcc structure. Also, some _fcc a_lctlnlqle
orbit interaction expands that lattice in the NM treatment.cOMpounds are known to show tetragonal lattice distortion
This effect was first discovered and explained by Brddks nduced by antiferromagnetisifi. To investigate this for
and was later confirmed by 8erlind et al®* Some more &-Pu we display FPLMTO total energies, in Fig. 3, as a
recent studies have come to the same concli®ighThe  function of thec/a axial ratio at the theoretical equilibrium
effect of spin-orbit coupling in the FM case is the opposite;Volume (25.6 &) for AF Pu. Note that AF Pu is unstable
here it leads to a smaller lattice constant as is also clear froffyith respect to a tetragonal distortion and that it is predicted
Fig. 2. Although important for the finer details of the results, 0 be body-centered tetragoriact) with a c/a axial ratio of

spin-orbit coupling is not essential for the quantitative be-about 1.5. Similar FPLMTO calculations were dofreot
havior of s-Pu. shown) at other volumes with essentially the same result, i.e.,

In Table | we summarize the equilibrium volumes, bulk volume relaxation effects are small and do not change the

moduli, and magnetic moments obtained from our calcula-
tions. For the FPLMTO treatment the equilibrium volume,

bulk modulus, and site-projected magnetic moments are.. 8 | AFPu
about the same for the FM, AF, and D configurations and in g - FPLMTO

. . . Q
good agreement with experiméhtfor the atomic volume A 6 7

and the bulk modulus. The total magnetic moment is zero forg®
AF and D, but also the site-projected moment is rather small&

due to cancellation of spin and orbital contributions. The =, , I
KKR calculations are more sensitive to the actual spin con-;~

figuration, but for the two lowest-energy states, AF and D, 0 !
the results are very similar. FPLMTO and KKR agree well . - \/
with each other for the AF and D configurations although the -2 7
spin moment is about 10% larger for the KKR treatment. T e E—

Also the PAW equilibrium volumes, bulk moduli, and spin
moments are close to both the FPLMTO and the KKR re-
sults. It is important to note that although the numerical tech- FIG. 3. FPLMTO total energymRy/atom as a function ot/a
niques are quite different, all three methods are able to relaaxial ratio for AF 5-Pu at 25.6 &.

c/a Axial Ratio
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FIG. 4. KKR total energymRy/aton as a function ot/a axial

ratio for disorderedD) §-Pu at 25.0 A&. FIG. 5. Comparison of spectréRef. 39 (dashed ling to
FPLMTO DOS (solid curve. Calculated curve is total electronic
main result. This tetragonal instability of AF Pu was con-density of states that has been convoluted with lifetime broadening.
firmed by both KKR and PAW calculatiorisot shown per-  (Ref. 36.
formed at their respective equilibrium volumes. Next, we
analyze the disordered configuration, D. Here we chose talose to and below the Fermi leveEf). If the DOS and
show in Fig. 4 the results from the KKR calculations within photoemissiofPE) are incompatible, one could question the
the DLM model, of total energy as a function of tbka axial ~ accuracy and validity of the theory. This is the case for the
ratio. In this figure, the volume is kept fixed to its fcc equi- LDA +U method, in which there is a pseudodagose to
librium value (25.0 &), but KKR calculations at other vol- and below theEg , where in fact the PE shows a peak in the
umes display a similar behavior. In contrast to AF BtRu  intensity. Also a nonmagnetic LDA calculation produces a
is mechanically stable assuming disordered magnetism. ThBOS in poor agreement with P The “constrained LDA”
result was also confirmed by FPLMTO and PAW calcula-techniqué’® as well as the DMF ¥ however, are more con-
tions, where the disorder was modeled by the special quassistent with PE, although neither compares perfectly with
random structure described above. experiment.

In Fig. 4 an approximate tetragonal shear const&r) ( For comparison, we show in Fig. 5 our calculated DOS
can be calculated from the curvature of the energies close tobtained from FPLMTO for AF Pu at 25.0%AHere we used
c/a= 2. By extracting the coefficient to the harmonic term lifetime broadening parameters identical to those chosen by
of a least-squares fit to these energies, an approxi@ate Arko et al3® who also measured the PE shown. Notice that
=5.0 GPa is obtained. Although th3’ only serves as an the broadened FPLMTO DOS compares quantitatively well
estimate, it is in good agreement with the meastfreshd  with photoemisson with a peak just below thg and a
very smallC’ (4.78 GPa Another interesting insight from minimum at —0.2 eV (Eg is at zerd. In the PE® this
Figs. 3 and 4 is that thé’ phase(see Fig. 1, which is a bct minima is located at about 0.25 eV whereas in the PE by
structure withc/a= 1.33, has a total energy less than 1-mRyHavelaet al*’ it is located at about 0.3 eV. This feature is
(160 K) greater than thé energy. This is consistent with the important because Havekt al. have shown that the weak
experimental phase diagram which separates these phasessatellite centered at about0.8 eV is absent in the spectra
amount less than 200 K. Figure 3 suggests, however, that tfer «-Pu and therefore indicative of th& phase. At lower
&' phase is unstable with respect to a tetragonal distortiorgnergies, below—1 eV, the convoluted FPLMTO DOS
because there is no local minimum in the energyc&t  compares rather well with PE and that of the “constrained
=1.33. LDA” model,®® whereas here the DMFT moda$ in severe

At even higher temperature, Pu melts from the bec ( disagreement with the measurement.
phase. Our calculations suggest the energy difference be- We note that the DOS for AF, D, and FM are all very
tween 5-Pu ande-Pu to be about 6—8 mRy which is in similar and that the comparison with photoelectron spectros-
disagreement with estimates based on the experimental phagepy is not dependent upon the actual spin configuration. It
diagram. Clearly entropy or other effects, not accounted fois clear, however, that neglecting magnetic interactions gives
in the present theory, are important in stabilizing ¢hehase  rise to a DOS that is not at all compatible with the PE, as
in Pu. also pointed out by Arket al.

V. ELECTRONIC STRUCTURE VI. CONCLUSIONS

There are ongoing efforts to study the electronic structure In conclusion, DFT is able to reproduce many of the
of Pu experimentally by means of photoelectronanomalous properties @¥-Pu, when magnetic exchange in-
spectroscopy?®’ Although not straightforward, these can be teraction is taken into account. This interaction is essential to
compared to calculated electronic density of std@®S) the theory, and if ignored severely erroneous behavior of the
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metal is predicted. The lowest zero-temperature DFT energghe spins supports mechanical stability »Pu.
is obtained for antiferromagnetic type-l ordering of spin mo-  Experimentally, 5-Pu is unstable below about 600 K,
ments with a magnitude close tqup. Energetically very where fcc transforms to a lower-symmetry structuseRu).
competitive is a disordered magnetic structure with a someThis behavior is here explained by the inherent tendency
what smaller spin moment. FPLMTO also predicts a largeoward magnetic ordering id-Pu at lower temperatures fol-
antiparallel orbital moment that nearly cancels the spin motowed by a mechanical instability of the fcc phase. It is well
ment. The resulting total moment is about L3—1.5 ug, known, however, that a small amount of Al or Gar ex-
which is close to an experimentally estimated effectiveample can stabilizes-Pu to lower temperatures. In the near
moment?’ but it is unclear if these can be directly compared.future, we plan to study the effects of alloying on the mag-
We suggest that the AF ordering does not occur at temnetic properties of-Pu and the stability of the fcc phase.
peratures wheré-Pu is stable because we have shown that
this or_dering destabilizes-Pu with respect to a tetragonal ACKNOWLEDGMENTS
distortion. Instead, we propose thatPu is adisordered
magnet At zero temperature the DFT energies for AF and We would like to thank A.V. Ruban, P.A. Korzhavyi, and
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