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A first-principles disordered local mome(@LM ) picture within the local-spin-density and coherent poten-
tial approximations of the actinides is presented. The parameter-free theory gives an accurate description of
bond lengths and bulk modulus. The casedd?u is studied in particular, and the calculated density of states
is compared to data from photoelectron spectroscopy. The relation between the DLM description, the dynami-
cal mean-field approach, and spin-polarized magnetically ordered modeling is discussed.
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[. INTRODUCTION vide a first-principles technique to study correlated electron
materials, and there have been several attempts to apply

The elemental actinide metals, Pu in particular, exhibitimplementations of LDA-DMFT (Refs. 20 and 24 for a
several unique features. They are among the most complaxview, see Refs. 22 and 23. Recently this LBBMFT
elements in nature, with a rich set of allotropesf which  approach has been applied to the Pu prottéifihe LDA
several have complex low-symmetry crystal structdr®s,,  +DMFT approach gives an opportunity to describe correla-
for example, is the only element with seven condensed mation effects on the electronic structure and propertiesi-of
ter phases at zero pressure of which ¢ihe 6 phas¢ dem-  and f-electron systems. However, the technique is cumber-
onstrates negative thermal expansion. The understanding ebme and it is notompletely ab initidbecause of the prob-
these anomalous properties is a serious challenge. Severallein with the choice ofU (see, e.g., Ref. 22 In addition,
the main features of the actinides can be understood in termmplementations of DMFT are computationally intensive
of the progressive filling of theBshell. In the light actinides  which makes the calculation of complex structures difficult.
Th—Np, the 5 electrons are itinerant and participate in the Sometimes, because of the complexity of the calculations,
bonding, whereas in the heavier actinides Am—Cf, tlie 5 uncontrollable approximations are made, e.g., using a single
electrons are localized and exhibit behavior more similar tdJ parameter instead of a complete interaction matt#:2
the lanthanides. Plutonium takes a particular place between It is commonly accepted that accounting for Hubbard cor-
these extremes. The low-temperatute phase has been relation effects is of crucial importance féwelectron sys-
shown to be well described with an itinerant bonding 5 tems. On the other hand, some of these effects can be taken
electrons whereas the high-temperature phases with their itato account, in an approximate way, in the framework of
creased volumes suggests a localized or partly localized comrore traditional density functional techniques. This is the
figuration. This behavior indicates a Mott-like transition of approach taken in the present study where we have modeled
the f electrons similar to ther-vy transition in ceriun®* In  the actinides by means of disordered local monfénts
fact, Katsnelsort al® identified this Mott transition with the  (DLM'’s) within the local spin density approximation and the
a-§ transition in Pu. coherent potential approximatiGh(LSDA-+CPA).

There have been several first-principles approaches to cal- The purpose of the present work is to investigate if cor-
culating the properties of the actinides.'® Although the relation effects of the actinides can be simulated by means of
light actinides are well described within density functional a parameter-free first-principles DLM approach, based on the
theory, the local density approximatidghDA) fails in gen-  LDA. In some way our present work may be seen as a natu-
eral to describe the f5localization which occurs in actinide ral extension of the early work by Skrivet al.® where the
compounds, elemental Pu at high temperature, and in thelectron-electron interactions that are responsible for the lo-
actinides past Pu. A number of techniques have thereforealization of the % shell of Am were sucessfully modeled by
been developed to include correlation effects beyond the spin-polarized LDA calculation. Here we consider a some-
LDA in order to describe the partially localized ®lectronic ~ what more general picture where the stability of a DLM con-
structure. These include LDAU,"*8 orbital polarizationt®  figuration is also considered. The DLM picture, even if it is
and the mixed-level modéf Of particular relevance to the insufficient for a complete description, might lead to some
work presented here are recent attempts to combine the LD#sights for the understanding of the electronic structure of
and dynamical mean-field theoffpMFT). DMFT has been the actinides.
shown to be a very useful approximation for the consider- Consider, first, the status of the DLM approach in the
ation of strongly correlated electron systeffisr a review, many-body lattice models like the Hubbard f exchange
see Ref. 18 The LDA combined with the DMFT may pro- (“Kondo lattice”) model. The key point is an equivalence
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between a many-body interacting system with Coulomb on- Due to the localized character of the spin moments, any
site interactions and a one-electron system in fluctuatinggrdered magnetic structure will resemble the result of the
charge and spin fields. This equivalence, which can b&LM description. It has often been noted that localization
proved by the Hubbard-Stratonovich transformation, is e€ffects could partly be accounted for by way of exchange
base of spin-fluctuation theories of itinerant-electronspin splitting of the $ band, and despite an unphysical long-
magnetisnt’ In a complete theory, the charge and spin fields'ange magnetic orderin@gbsent in the DLM approaghsev-

are dynamically fluctuating both in space and time. Howeveréral spin-polarized ferromagneti¢-M) and antgﬂrl%mag-

a “static approximation,” where we neglect the dynamics of Netic (AFM) calculations have been perform%%i._' ““The

the fluctuation$®3! captures an important part of the corre- presented D_LM model gives a natural generalization to the
lations, while greatly simplifying the formalism, and may be Paramagnetic state. , _

sufficient for many problems of interest. In this case the cor- First we discuss some calculational details and then
related system is described in terms of a DLM alloy and at_)r(_asent the calculated volumes and bulk modu_ll for th_e ac-
CPA for this alloy becomes equivalent to the “Hubbard 111" tinide series. We then look at the results ®Pu in detail,
approximatiof? for the original many-body problentsee and the results are .compared with different alternative ap-
Ref. 33. The Hubbard Ill approximation gives qualitatively Proaches and experiments.

the correct picture of the electronic structure both in atomic

and broadband limits and can describe the metal-insulator Il. CALCULATIONAL DETAILS

(Mott) transition for half-filled bands whed is of the order All total energies and densities have been calculated self-

H 2
of the bandwidt’ consistently within the framework of density functional

The spatial fluctuations of the exchange on-site field caqheory35,36m the LDA in the nonmagnetic cases and within
lead to a splitting of the energy specigarovided the fluc-  ho | SpA for the spin-polarized systes with the local

tuations are larger than the bandwidiérhich corresponds, in exchange-correlation functional by Perdetal *°
the Hubbard model, to the Hubbard band splitting. The self- We used the basis set of thep, d, andf Iineér muffin-tin

energy in the DLM picture is energy dependent and has ABrbitals(LMTO's) in the tight-binding representation and the

imaginary part describing the damping of the electrons ory - sphere approximationASA) for the crystal

spin fluctuations. This distinguishes the DLM approach nOtpotentiaI‘.‘l““‘The method was implemented within the sca-
only from magnetically ordered LSDA calculations but aIso|ar relativistic Green's function techniqd®:*® Spin-orbit

from LDA+U, self-interaction correctionSIC), and the coupling was not included, and all calculations areTat

Hartree-Fock approximation. In this sense, the DLM-CP =0. The disorder of local spin moments was treated within

app[oach can be considered as a pgrticular case of the "LDA, o CPA, and other details relevant for the present calculation
++" (LDA +U+3) approach® with a local, energy- can be found in Refs. 47 and 49.

dependent, complex self-energy. However, in contrast to Since the interatomic distance is known to be the most

si:he?nesbt_akl_ng Etohaccoun_t Huk;bﬁrd correla_tlons_, It IS COml'mportant factor that determines the energetic of an actinide
pletely ab initio. A shortcoming of this approximation Is an 5 since we are mainly interested in trends rather than in a

:ncolrrept deﬁcri%tion of ?Iehctron %amping hear theh.Fﬁr.mHetailed guantitative description of all the different phases of
evel—i.e., the absence of the Kondo resonance—which is g, actinides, calculations were performed for the fcc crystal

consequence of thquantumcharacter of spin, as well as structure onl
. R Y.
problems describing localization in systems that do not have
half-filled (or completely filled electron shells. However,
this shortcoming may be of minor importance for the de-
scription of the electron energy spectrum at large energy
scales as well as for calculations of the total energy and Figure 1 shows a comparison between experimental and
related characteristics such as the equilibrium volume andalculated Wigner-Seitz radii for the actinide metals. For the
elastic moduli. Note also that this finite damping, because ohonmagnetic LDA calculation, we find a parabolic behavior
electron scattering by spin fluctuations, is a physically cortypical of bonding through a series such as the transition
rect picture for high enough temperatures. metals. This is in full agreement with the pioneering calcu-
Comparing the many-body lattice models with the densitylations of Skriveret al.® but fails do describe the volumes of
functional approach one is faced with the well-known “Hub- the heavy actinides. Within the DLM picture, on the other
bardU versus Stonel” problem—i.e., with the inadequacy hand, we find a substantial improvement. For the light ac-
of the LDA approach near the atomic lindft?* On the other tinides Th—U, results are identical to the nonmagnetic LDA
hand, formoderatelycorrelated systems such as, e.gd 3 calculation, though for Np we find a slightly increased vol-
metals, the main correlation effects are connected with spimme. For the later actinides we find an abrupt volume in-
degrees of freedom and can be described, in principle, basenlease in close agreement with the experimental values with
on the LSDA electronic structure. Of course, it is difficult to the transition taking place at Pu, which has an intermediate
say a priori where the boundary is between “moderately volume close to the value of the high-temperatanghase in
correlated” and “strongly correlated” systems. We will dem- the fcc structure. The results in Fig. 1 are, as mentioned,
onstrate that, at least for early actinides, a LSDA-DLM de-quite close to the FM data presented by Skrieeal° In this
scription of the electronic structure turns out to be rathemvork the localization of the 6 state of Am was shown to
successful. result from the equivalence between a localized Wannier rep-

Ill. DISORDERED LOCAL SPIN MOMENT PICTURE OF
THE ACTINIDES
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FIG. 1. Comparison between the experimeiiRaf. 7) and cal-
culated atomic Wigner-Seitz radil&,s for the actinide metals.

resentation and an itinerant Bloch representation for systems

with a completely filled band, which is the case for spin-
polarized Am.

We find similar results for the bulk moduli. In Fig. 2 we
display a comparison between the experimental bulk modu
lus for the ground-state structures and the calculated bul
modulus in the fcc structure. The LDA calculation gives a
fairly good description of the early actinides but fails com-
pletely for the later actinides. The DLM picture, on the other
hand, gives a significantly improved result where, for ex-

ample, the bulk modulus of Pu is reduced by a factor of 2,

though still somewhat higher than the experimental result fo
6-Pu.

Given the fact that the results are from parameter &tee
initio calculations without considering the exact crystal
structures and spin-orbit coupling the agreement between t
calculated equilibrium volumes and bulk moduli with experi-
mental values is remarkably good and the results clearly in
dicate the ability of the LSDA CPA approach within the
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_ FIG. 3. Comparison between the calculated DOS within the
|2LM description, nonmagnetic LDA, an antiferromagnethd=M)
Structure, and the photoemission spe¢k&S (Ref. 50 for 5-Pu.

DLM picture to model important correlation effects beyond
LDA in the 5f band, without incorporating long-ranged mag-
netic ordering.

] The mechanism behind the improved description of the
equilibrium volume and bulk modulus is the formation of
local disordered moments. This gives rise to a band splitting
and partial localization of thefSelectrons which reduces the
bonding resulting in an increased lattice constant and re-
Suced bulk modulus. For Th and Pa local spin moments are
still quenched, and for U only a negligible moment of about
0.07ug is formed. Within our DLM scheme, neptunium has a
moment of 1.6&g. Though this has little effect on the equi-
librium lattice constant, the bulk modulus is reduced by a
factor of 2. For Pu a spin moment of 4§ is found in the
DLM calculation, which corresponds to an almost complete
spin polarization of the 6 electrons. For Am and Cm a mo-
ment of 6.5k g and 6.9y is formed, respectively. For Bk
the disordered local moment is slightly reduced to mg1
Notice that fully relativistic calculations, including the spin-
orbit interaction, would reduce the moments. In the case of
S-Pu from about &g to less than 2g (Ref. 8 and for Am

the total moment can be expected to b&ug (Ref. 9.
However, the formation of =0 atomic ground state comes
natural from a completely localizedfSshelf and is consis-
tent with experimental data.

IV. 6-PU

Figure 3 shows the calculated density of std2©S) for

fu in comparison with the results of photoelectron

bulk modulus for the actinide metals. The experimental data arspectroscopy’ The LDA curve has qualitatively a very dif-

given in (a) Ref. 7 and(b) Ref. 56.

ferent behavior compared to experiments. For example, the
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' I ' I I of Allen and Martin®* An important question is thus what is
g - [ DLM 1\ more important for the energetics of the transitions: the ap-
g -. LDA : ! pearance of the Hubbard gap or the formation of the Kondo
> -- AFM : 'l resonance? The first feature is taken into account in the DLM
:<§ L N i i ,"| scheme whereas the second one is not. Note that the Kondo
B [ Tl Bl resonance has small spectral weight, so it is not obvious that
§ i Vi ignoring it is an essential shortcoming. Moreover, for both
2 | o i ‘.‘1,', T Tl Ce and Pu there are some arguments connecting the Mott
= X ,'j o ' transition to the peculiarities of the atomic electronic struc-
2 v | ture (atomic collaps¥). These peculiarities can obviously be
1S} : /I Al taken into account in the local spin-density approach and
27 Pl SO thus in the DLM description. Note that this collapse phenom-
% /./' ‘.\j enon, leading to a sharp dependence on the bandwidth and
< | lattice constant, leads to a first-order phase transition. There-
i ' _'2 ' (') ' '2 fore the difference between the description of the Mott tran-
sition in the DLM or the Hubbard Il approximatiofcon-
E-E (eV) tinuous transitior’*) and DMFT (first-order transition; see

- o Ref. 53 and references therginvhich is very essential for
FIG. 4. Ca'.cmate‘j DOS m’P_u within the DLM descr'pt'on "N the Hubbard model, does not play a serious role for real
comparison with the nonmagnetic LDA DOS and an am'ferromag'actinide systems where the transition is essentially of first
netic (AFM) LSDA DOS. Y y

order for “quasi-one-electron” reasons.

peak at the Fermi level seen in the photoemission spectra i&eAs for the description of magnetic properties at high tem-

0 e raturesT, the static approximation gives a qualitatively
absent. The DLM DOS, on the other hand, is in qualitative - : T .
agreement with experimental data. The DOS is similar to th correct picture. The magnetic susceptibiliis proportional

2 . _ . . _
LDA-DMFT spectra by Savrasoet al2* (calculated at 600 %o (e°)/T, wheree is the exchange on-site field. The suscep

K), but the quantitative agreement for the DLM picture ist'.b.IIIty corresponds to the paramagnet!c_Pauh Spin suscepti-
better. bility, provided that the exchange splitting fluctuations are

The electronic structure is strongly modified in the DLM Ga“.ss.'f"‘” near the poiet=0, and to the .Cur|e_—V.Ve|ssX?s§us—
picture compared to the LDA calculation. Thd Band is ceptibility, provided that spontaneous spin splitting exists.

split, as shown in Fig. 4, due to the formation of local disor_The description of finite-temperature magnetism of transition

dered moments, leading to an effective energy lowering Ogetals in the DLM-CPA approachis different from the

the occupied b band mass. The same effect is found also for MFT treatm.e.rﬁf’ only by the con&derapon of spins in a
classical way; in the Heisenberg model, it corresponds to the

the AFM calculation. This leads to a decreased bonding, in- ol i
creased equilibrium lattice constant, and a reduced bul ppearance of the.multlph instead of the correct factor
' (S+1) in the Curie constant.

modulus. The effect is similar to the results of LBAJ, The DLM picture leads to an expected Curie-Weiss be-

LDA++, and LDA-DMFT. In contrast to some of these J1avior of the magnetic susceptibility fé-Pu. However, re-
models we here have an improved agreement with the ph -ent experiments with Al- and Ga-stabilizéePu show only

toelectron spectra and the result is similar to what was found e .
in the mixed-level model by Erikssoat al!® Although a avanlshlngly small_temp_erature depe_nd_ence of the magnetic
direct full comparison between the Kohn-Sham eigenspectrguscem'b'“ty(See Fig. 2 in Ref. 57 This is also consistent

and the photoemission data may not strictly be possible, th 'th otg}er: SySCﬁptlblllty Teasugemeﬁlfﬁmggﬁ?h .
data clearly indicate a resonance at the Fermi level which i €SS behavior has sometimes been clal < Ne reason,

not present in the LDA description explaining the absent Curie-Weiss behavior, could either be

In Fig. 3 we also display the density of states for an ar]_due to crystal field splitting and the formation of a nonmag-

tiferromagnetic(AFM-LSDA) calculation. Though, resem- netic multiplet® or because of the occurrence of a Kondo
bling the general DLM § band split, the DOS ié in less 'esonance that may diminish the temperature dependence of

agreement with photoemission data. The antiferromagnetift!1e suscept|b|!|ty provided that the resonance w(dth)nd(_)
solution is about 3 MRy lower in energy compared to the emperature) is larger thanT. At least the first explanation

DLM calculation. However, at finite temperatures this energyCould possibly be included separately in the DLM picture,

difference is compensated by the magnetic entropy contriblj2 l:)trihgf SS&?:T X?fhgaga?nee(iie;g”?teii ?nquo\;\égmntéhree;ﬁrge'
tion in the disordered case. This is an important feature of th ) ’ P

DLM model that differs from magnetically ordered descrip- at th? intention V\."th the DLM picture is to model some of
tions. the main characteristics of the energetics of the actinides, and

it does not necessarily describe the magnetic properties cor-

rectly.
V. DISCUSSION

L - VI. SUMMARY
There are two principal approaches for describingdhe

transition in Ce and the-4 transition in Pu: the Mott tran- In summary we have presented a first-principles disor-
sition model by Johanssdr and the Kondo-collapse model dered local moment method within the local density approxi-
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mation with the disorder treated within the coherent potentiament over the LDA results and quantitatively good agree-
approximation. The DLM picture gives an reasonably goodment with experiments.

description of bond lengths and bulk modulus for the ac-

tinide series. The equivalence between the DLM picture and

the Hubbard Il approximation and their relation to the ACKNOWLEDGMENTS

DMFT description was discussed, and it was argued that the

DLM picture is related to DMFT through a static approxima-  Discussions with D. C. Wallace, G. H. Landers, and M.
tion. The DLM density of states compares well with photo- Colarieti-Tosti are gratefully acknowledged. I.A.A. is grate-
emission ond-Pu, in contrast to that obtained from the LDA ful to the Swedish Research Coun®R) and the Swedish
or the magnetically ordered AFM configuration. In general, itFoundation for Strategic Resear¢BSH for financial sup-

is found that the DLM picture gives a considerable improve-port.

IHandbook on the Physics and Chemistry of the Actiniddited Electron Correlations and Materials Properties @dited by A.
by A.J. Freeman and G.H. Landdisorth-Holland, Amsterdam, Gonis, N. Kioussis, and M. CiftariKluwer Academic, Dor-
1984); Challenges in Plutonium Sciencedited by N. G. Coo- drecht, 2002
per, Los Alamos Sci26, 91 (2000. 23K. Held, I.A. Nekrasov, G. Keller, V. Eyert, N. Bluemer, A.K.

2p. Salerlind, O. Eriksson, B. Johansson, J.M. Wills, and A.M.  McMahan, R.T. Scalettar, T. Pruschke, V.. Anisimov, and D.
Boring, Nature(London 374, 524 (1995. Vollhardt, in Quantum Simulations of Complex Many-Body

3B. Johansson, Philos. Mag0, 469 (1974). Problems: From Theory to Algorithmedited by J. Grotendorst,

4B. Johansson, Phys. Rev.1B, 2740(1975. D. Marx, and A. Muramatsu, NIC Series, Vol. INIC Direc-

5M’.I. Katsnelson, 1.V. Solovyev, and A.V. Trefilov, Pis’'ma Zh. tors, Forschungzcentrum Juelich, 2p02. 175.

Eksp. Teor. Fiz56, 276 (1992: JETP Lett.56, 272 (1992. 243Y. Savrasov, G. Kotliar, and E. Abrahams, Nat@ktendon
SH.L. Skriver, O.K. Andersen, and B. Johansson, Phys. Rev. Lett. 410, 793(2001).

41, 42 (1978. 25M.B. Zolfl, I.A. Nekrasov, Th. Pruschke, V.I. Anisimov, and J.
"M.S.S. Brooks, H.L. Skriver, and B. JohanssonHiandbook on Keller, Phys. Rev. Lett87, 276403(2002J.

the Physics and Chemistry of the Actinidedited by A.J. Free- 26K. Held, A.K. McMahan, and R.T. Scalettar, Phys. Rev. L8,

man and G.H. Lander@orth-Hollands, Amsterdam, 1984 276404(2001).

81.V. Solovyev, A.l. Liechtenstein, V.A. Gubanov, V.P. Antropov, 2’B.L. Gyorffy, A.J. Pindor, J. Staunton, G.M. Stocks, and H. Win-
and O.K. Andersen, Phys. Rev.48, 14 414(199J). ter, J. Phys. F: Met. Phy45, 1337(1985; J.B. Staunton and

°p. Salerlind, R. Ahuja, O. Eriksson, B. Johansson, and J.M. Wills,  B.L. Gyorffy, Phys. Rev. Lett69, 371(1992.

Phys. Rev. B51, 8119(2000. 28F0r a review see, J.S. Faulkner, Prog. Mater. 2¢i.1 (1982.
103 M. Wills and O. Eriksson, Phys. Rev. 45, 13 879(1992. 29T, Moriya, Spin Fluctuations in Itinerant Electron Magnetism
3. van Ek, P.A. Sterne, and A. Gonis, Phys. Rev® 16 280 (Springer, Berlin, 1985

(1993. 303, Hubbard, Phys. Rev. B9, 2626(1979.
12p_ Salerlind, O. Eriksson, B. Johansson, and J.M. Wills, Phys.3'H. Hasegawa, J. Phys. Soc. Jg6, 1504(1979.

Rev. B50, 7291(1994). 823, Hubbard, Proc. R. Soc. London, Ser284, 401 (1964).

130, Eriksson, J.D. Becker, A.V. Balatsky, and J.M. Wills, J. Alloys 33M. Cyrot, Phys. Rev. Lett25, 871(1970).

Compd.287, 1 (1999. 34A.0. Anokhin, V.Yu. Irkhin, and M.1. Katsnelson, J. Phys.: Con-
14y, Wang and Y. Sun, J. Phys.: Condens. Maftgr L311 (2000. dens. Mattei3, 1475(1997).

151, Petit, A. Svane, W.M. Temmerman, and Z. Szotek, Solid State’>P. Hohenberg and W. Kohn, Phys. R&&6, B864 (1964.
Commun.116, 379 (2000. 36\W. Kohn and L.J. Sham, Phys. ReM0 A1133(1965.

16p, Sa@erlind, Europhys. Lett55, 525 (20012). 871, Hedin and B.I. Lundqvist, J. Phys. & 2064 (1971).

17\/I. Anisimov, J. Zaanen, and O.K. Andersen, Phys. Revd8  28U. von Barth and L. Hedin, J. Phys. & 1629(1972.

943(1991). 39D.M. Ceperley and B.J. Alder, Phys. Rev. Let, 566 (1980.
183. Bouchet, B. Siberchicot, F. Jollet, and A. Pasturel, J. Phys?°J.P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. L&f.

Condens. Matte2, 1723(2000. 3865(1996.

%A, Georges, G. Kotliar, W. Krauth, and M. Rozenberg, Rev. Mod.*'0.K. Andersen, Phys. Rev. B2, 3060(1975.

Phys.68, 13 (1996. 42H_ L. Skriver, The LMTO MethodSpringer-Verlag, Berlin, 1984
20V 1. Anisimov, A.l. Poteryaev, M.A. Korotin, A.O. Anokhin, and “30.K. Andersen and O. Jepsen, Phys. Rev. 158t.2571(1984).

G. Kotliar, J. Phys.: Condens. Matt@y 7359(1997). 440.K. Andersen, O. Jepsen, and D. &k, in Highlights of
2IAl. Lichtenstein and M.I. Katsnelson, Phys. Rev.58, 6884 Condensed-Matter Thegredited by F. Bassani, F. Fumi, and

(1998. M.P. Tosi(North-Holland, New York, 1986
22p 1. Lichtenstein and M.I. Katsnelson, Band Ferromagnetism 450. Gunnarsson, O. Jepsen, and O.K. Andersen, Phys. R2Y, B

Ground State and Finite Temperature Phenomestited by K. 7144(1983.

Barbeschke, M. Donath, and W. Noltin¢Springer, Berlin, “®H.L. Skriver and N.M. Rosengaard, Phys. Rev.4B, 9538
2001, p. 75; I. Lichtenstein, M. I. Katsnelson, and G. Kotliar, in (199).

235105-5



ANDERS M. N. NIKLASSONet al. PHYSICAL REVIEW B 67, 235105 (2003

47|.A. Abrikosov and H.L. Skriver, Phys. Rev. &7, 16 532(1993.  5SA.l. Lichtenstein, M.I. Katsnelson, and G. Kotliar, Phys. Rev.

“8AV. Ruban and H.L. Skriver, Comput. Mater. S5, 119 Lett. 87, 067205(2001).
(1999. 56D.C. Wallace, Phys. Rev. B8, 15 433(1998.

4SA.1. Abrikosov, O. Eriksson, P. terlind, H.L. Skriver, and B. °’S. Meot-Reymond and J.M. Fourier, J. Alloys Compa2, 119
Johansson, Phys. Rev.H, 1058(1995. (1996.

50A.J. Arko, J.J. Morales, J. Wills, J. Lashley, F. Wastin, and J.583.-M. Fournier and R. Troc, itHandbook on the Physics and
Rebizant, Phys. Rev. B2, 1773(2000. Chemistry of the Actinidesdited by A.J. Freeman and G.H.

513.W. Allen and R.M. Martin, Phys. Rev. Le#t9, 1106(1982. Landers(North-Holland, Amsterdam, 1984

52yV. Kamyshenko, M.I. Katsnelson, A.l. Lichtenstein, and A.V. *°Plutonium Handboaokedited by O.J. Wick(American Nuclear
Trefilov, Fiz. Tverd. TelaLeningrad 29, 3581(1987). Society, LaGrange Park, IL, 1980

53G. Kotliar, J. Low Temp. Phys126, 1009(2002. 60C.E. Olsen, A.L. Comstock, and T.A. Sandenaw, J. Nucl. Mater

543.V. Vonsovsky and M.I. Katsnelson, PhysicalB9, 61 (1989. 195, 312(1992.

235105-6



