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Electronic structure and x-ray magnetic circular dichroism in uranium compounds.
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The electronic structure and x-ray magnetic circular dichro{®®ICD) spectra of heavy-fermion com-
pounds UPR{, URWSi,, UPdAI;, UNi,Al;, and UBgj; are investigated theoretically from first principles,
using the fully relativistic Dirac linear muffin-tin orbital band-structure method. The electronic structure is
obtained with the local spin-density approximatitSDA), as well as with a generalization of the LSDA
+U method. The origin of the XMCD spectra in the compound is examined.
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[. INTRODUCTION oscillation amplitudes at very low temperatures. The large
m* value is usually believed to be derived from strongly

One of the most fascinating aspects of heavy-fermiorcorrelated electrons. While at high temperature thieslec-
physics is the observation of superconductivity, first detectedrons and conduction electrons interact weakly, at low tem-
in CeCySi, by Steglichet al! This is a milestone in the perature these two subsets of electrons become strongly
field of superconducting materials, along with the discovercoupled, resulting in the formation of a narrow resonance
ies of superconductivity in the cuprate compounds and irmanifested in the density of states near the Fermi energy.
fullerenes. Thus, at sufficiently low temperatures, the heavy-fermion

Heavy-fermion materials have been at the forefront ofcompounds behave like a system of heavy itinerant electrons,
condensed-matter research because the strongly correlatégk properties of which can be described in the framework of
electronic states responsible for their physical properties rethe Landau Fermi-liquid formalism.
main a very challenging problem. These materials display Among uranium heavy-fermion compounds superconduc-
exotic behavior in their thermodynamic and transport prop+ivity is observed in UBg;, UPt, URWSi,, U,PtG,
erties at moderate temperatures, and many heavy-fermiddPd,Al;, and UNbAI;. Usually superconductivity in these
materials have unusual coexisting states at lowcompounds coexists with antiferromagnetic order, and this
temperature$-® A fascinating aspect of this class of com- has led to the suggestion that the effective attractive interac-
pounds is the wealth of ground states which occur. Althoughion between the superconducting electrons may be mediated
a myriad of experiments have been devoted to the charactelpy spin fluctuations, rather than by the electron-phonon in-
ization of these ground states, a comprehensive understantraction. This is supported by the fact that the observed
ing of heavy-fermion properties at low temperature is stillsuperconducting states are highly anisotropic, with nodes in
lacking. The heavy-fermion ground-state properties arehe gap function not explainable by amwave theory.
highly sensitive to impurities, chemical composition, and In recent years, it has been shown that polarized x rays
slight changes of external parameters. This sensitivity indican be used to determine the magnetic structure of magneti-
cates that a subtle interplay between different interactionsally ordered materials by x-ray scattering and x-ray mag-
produces a richness of experimental phenomena. It is widelgetic circular dichroism(XMCD). Nowadays, the investiga-
believed that the competition between the Kondo effegt  tion of magneto-optical effects in the soft x-ray range has
flecting the interaction between the localizefl Bloments gained great importance as a tool for the investigation of
and the conduction electronand the magnetic correlations magnetic materials. Recently, XMCD measurements have
between the periodically arranged Byoments constitute the been successfully performed on some uranium heavy-
key factors in determining the magnetic properties of heavyfermion compounds such as UBeand UP4,° UNi,Al,*°
fermion compound$. UPd,Al5, and URyYSi,. !

For heavy-fermion compounds the attribute “heavy” is  In the present work we report a detailed theoretical inves-
connected with the observation of a characteristic energsigation of the electronic structure and XMCD properties of
much smaller than in ordinary metals, which reflects a therheavy-fermion uranium compounds UYPt URu,Si,
mal effective massn* of the conduction electrons orders of UPdAl;, UNi,Al;, and UBg3. This paper is the last in a
magnitude larger than the bare electron mass. These heasgries of three papers. The first papés devoted to theoret-
masses manifest themselves by a large electronic coefficieital investigation of the XMCD spectra of UfFeand the
v of the specific hea€ (y=C/T for T—0), an enhanced second one to XMCD properties ofdAl (X=Co, Rh, and
Pauli susceptibility, a hug&? term in the electrical resistiv- Pt intermetallics:® The degree of localization of UfSstates
ity, and highly temperature-dependent de Haas—van Alpheand, hence, the strength of the Coulofb correlation ef-
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fects increases from UReo UXAI and to heavy-fermion dHVA frequencies could be related to extremal orbits on the
compounds. Fermi surface obtained from band-structure calculations
This paper is organized as follows. Section Il presents avhich treat the U $ states as itinerant. There are good rea-
description of the computational details. Sections 1l1-VI aresons that standard band-structure calculations reproduce well
devoted to the electronic structure and XMCD properties othe complex topology of the Fermi surface in YPin great
the UPg, URW,Si,, UX,Al; (X=Pd and Nj, and UBes, contrast, however, no such agreement is found for the mea-
respectively, calculated in the local spin-density approximasured cyclotron masses. The calculated energy bands are too
tion (LSDA) and LSDA+U. The XMCD theoretical calcu- broad to explain the effective masses: dHvVA masses are by a
lations are compared to the experimental measurements. HRctor of order 20 bigger than the band massgsobtained
nally, the results are summarized in Sec. VII. from the LSDA calculationé®~®This is of course the defin-
ing characteristic of a heavy-fermion compound, and is due
to the strong electron-electron correlations not included in
the band-structure calculations. It is interesting that even in
The details of the computational method are described ithe presence of such strong correlations, there is no evidence
the first paper of this seriéd,and here we only mention of any breakdown of the Fermi-liquid theory. The standard
several aspects. The calculations were performed using tHéfshitz-Kosevich formula for the field and temperature de-
linear muffin-tin orbital(LMTO) method*'%in the atomic  pendence of the amplitude of quantum oscillations is per-
sphere approximation with the combined correction termfectly verified down to 10 mK and up to 18°T.
taken into account. We used the von Barth-Hedin UPt shows a static antiferromagnetic order below about
parametrizatiotf for the exchange-correlation potential. Ty=>5 K with a very small staggered moment of the order of
Brillouin-zone integrations were performed using the im-0.01ug/U atom. This ordering was first noticed in muon-
proved tetrahedron methdd,and self-consistency charge spin-relaxation measurements by Heffreiral®® and was
was obtained with 301, 1183, 910, and 349 irreducile soon confirmed by neutron scatteritigThe magnetic order
points for UP§, URWSi,, UPdAIl;, and UBgs, respec- is collinear and commensurate with the crystal lattice, with a
tively. The basis consisted of §) p, d, f; transition meta(Pt,  moment aligned in the basal plane. It corresponds to antifer-
Ru, Pd, and Nis, p, andd; Si, Al, and Bes andp LMTO's. romagnetic coupling within planes and ferromagnetic cou-
The electronic structure is obtained with the LSDA, as wellpling between planes. All aspects of this ordering were re-
as with a generalization of the LS method for which ~ produced by later neutron studies on a different crytal
the occupation matrix of localized electrons becomes nondiand by magnetic x-ray scatterifig.The moment at lower
agonal in spin indices in the presence of spin-of§i0)  temperatures grows to a maximum magnitude of

II. COMPUTATIONAL DETAILS

coupling® (0.02—0.03)5/U atom.
. UPt 5 A. Band structure
UPt is a well-known heavy-fermion systet?® The UPt; crystallizes in the MgCgitype structure. The ura-

Sommerfeld coefficient of the linear low-temperature spe-nium atoms form a closed-packed hexagonal structure with
cific heat is strongly enhanced, i.e.,y=420mJ/ the platinum atoms bisecting the planar bonds. There are two
(molK?). Strong electron-electron correlations are alsoformula units per unit cell. The compound belongs to the
manifest in aT°InT term in the low-temperature specific Space grouf?6;/mmecand the point grouDg, . The lattice
heat, which is believed to be due to spin fluctuations. At lowparameters ar@=5.753 A andc/a=4.898. The nearest
temperature URtis a superconductor, with & of 0.54 K/  U-U distance is between atoms in adjacent layers, equal to
UPt is the archetype of a heavy-fermion system. It has thet.132 A, and the conductivity is greatest along thexis.
qualitative properties of a Fermi liquid, but the magnitude of The fully relativistic spin-polarized LSDA energy band
the effective masses, reflected in the specific heat and magtructure and total density of statd30S) of the ferromag-
netic susceptibility, is very much larger than the free-electromnetic UP§ compound is shown in Fig. 1. The occupied part
value. The heaviness of the electrons is generally attributedf the valence band is formed predominantly by Btsiates.
to electron correlations which come from the strong Cou-The characteristic feature of the LSDA band structure is a
lomb interactions among the localized Blectrons on the U narrow peak of U s, states situated just at the Fermi level
sites. (Eg) 1.0 eV above the top of Ptcbstates. U %, states are
UPt, has attracted a great deal of interest from bandsplit off by strong SO coupling and form another narrow
structure theorist&!~*°particularly when it became clear that peak 1 eV abové .
reliable experimental information on the Fermi surface could Figure 1 also shows the band structure of {élIculated
be obtained by measurements of the de Haas—van Alphén the LSDA+U approximation withU=2.0 eV andJ
(dHVA) effect?®28 These experiments unambiguously con-=0.5 eV. The Coulomb repulsion splits partially occupied U
firm that UPt has to be regarded as a strongly correlatedbfs), states and the LSDAU calculations give a solution
Fermi liquid. Although a detailed picture of the low- with two localized 5§ electrons. These localized States are
temperature phase of UPhas emerged, a comprehensive situated above the top of Ptd5and form a rather narrow
theoretical picture of the heavy quasiparticles is still missingpeak at 0.2 eV beloviEr. The position of the peak agrees
It has been considered a success of the LSDA that theell with the results of recent resonant photoemission
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FIG. 1. The self-consistent fully relativistic, spin-polarized en-
ergy band structure and total DQ® statesfunit cell eV)] of UPt

calculated in the LSDA and LSDAU.

spectroscop¥ (PES and  angle-resolved PES
measurement®. U 5f states just above the Fermi level are
formed by the remaining f,, states whereas the peak from
the 5f,, states is pushed from its LSDA position at 1 eV
aboveE to 2.3 eV.
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proportional increase of the part bélectron density at the U
site provided by the “tails” ofd states. The screening of the
localized U ¥ states by this delocalized density becomes
stronger in UPf and their occupied &, states shift to
higher energy?®

The above-mentioned self-consistent LSBRA solutions
for UPd; and UP§ are magnetic with a rather large U mag-
netic moment. This is contrary to the experimental data
which show that the ordered magnetic moment is only
0.01 wg and (0.02-0.03)ug per U atom in UP¢and UP4,
respectively? 336 This extremely small U magnetic mo-
ment is explained by the fact that according to the crystalline
electric-field (CEP level scheme derived from neutron-
scattering experiments, the lowest CEF level df"Uon in
both compounds is a singfét” which leads to a nonmag-
netic ground state for these compounds. The LSDA is
still a one-electron approximation and cannot fully account
for the subtle many-body effects responsible for the small
value of the U magnetic moment in UPdnd UP4. It tries
to obey Hund’s rules in the only way it is allowed to, i.e., by
producing a magnetic solution. A possible way to overcome
this discrepancy between the calculations and the experiment
is to force a nonmagnetic ground state in the LS4 cal-
culations as it was done by Harima and co-workers in Refs.
38 and 36. We have verified, however, that this leads to an
increase of the total energy as compared to magnetic states
obtained in the calculations.

It should be mentioned that depending on the starting con-

An orbital resolved DOS corresponding to the orbitals itions another self-consistent LSBAU solution very close

with the largest occupation numbers is shown in Fig. 2 for;

UPt; and for UPd as a reference material. Two peaks at
—1.0 to — 0.5 eV in UPd are formed by 55, states with
m;=—5/2 and m;=—3/2. Their occupation numbers are
ns,=0.988 andn,,=0.982, which corresponds to afif
configuration of the U iof® The corresponding states in
UPt; are situated in-0.5 to 0.2 eV energy range, very close

to the Fermi level and partially occupied. Such a different

energy position of occupiedf, states in UPg and UPj
can be explained by the larger spatial extent of &twave
functions as compared to the Pdl 4tates, which causes a

(states/(atom eV))

Partial DOS

Energy (eV)

FIG. 2. The partial %5, density of statesin states/atom eyVin
UPt; and UPd calculated in the LSDA U.

in total energy can be obtained for UPak well as for URt
This solution also results in two localized U Blectrons but

in this case the occupied states gre-3) and|3,—3) (here

we used the notatiofj,m;) for the state with the total mo-
mentumj and its projectiomm;). The existence of two almost
degenerate solutions can be understood if one compares the
matrix elements of Coulomb interactidnmj m' calculated

between 55, states with differentm; .*® The matrix ele-
mentsUs, 3pandUs, 1 pare equal and the energy difference
is caused not by the on-site Coulomb interaction but instead
by a difference in the hybridization between Usp and
conduction electrons. Also, the lowest unoccupiddstate,

which is either|3,—3) or |3,—3), feels the same Coulomb
repulsion of the localized electrons. Total-energy calcula-
tions, however, show that lower-energy solution is associated

with |3,—3) occupied states.

B. XMCD spectra

As we mentioned above, for the 5configuration in UP§
we have two solutions with close total energies, in the first
case the 55, states withm;= —5/2 and—3/2 are occupied
and in the second case the occupied statesiare—5/2 and
—1/2. In the first case the dipole allowed transitions for left
circularly polarized light\=+1 are —3/2——1/2, —1/2
—+1/2, +1/2—+3/2, and+3/2— +5/2 and for right cir-
cularly polarizatonA\=—-1 are +1/2——1/2 and +3/2
—+1/2. The transitions with equal final stateg=—1/2
and m;=+1/2 mostly cancel each other and the XMCD

214426-3



A. N. YARESKO et al. PHYSICAL REVIEW B 68, 214426 (2003

P 1F
037 /\ UPt,
) ] A
c — 0 -
; 0.0 \ £ VN!J X2
5 3 X LSDA
=~ e ML e LSDA-+U (m;=1/2)
o -0.3 T 4 A 1+ W LSDA+U (m=3/2)
% (a) o ] e o s exper
@ { } O Il Il 1
5 1 ‘ £ 17 ——
] UPd,
g 2
2 7 = -
= 41 5 \
= ]
% 2+ -1+ LSDA+U
. | ®
-3 — — : —
-20 0 20 0 20 40 60 80 100
Energy (eV) Energy (eV)
FIG. 3. The model representation of thés (a) and M, (b) FIG. 4. The XMCD spectra of URtand UPd at the uranium
XMCD of UPt, for two solutions with| 3, — £) occupied stateull ~ Mas edges calculated in the LSDA, LSDAU(OP), and LSDA

+U. Experimental spectra for UP{Ref. 9 (circles were mea-
sured in a magnetic field of 5 T at 20 KU M, spectra are shifted
by —95 eV to include them in the figure

lines) and|3,— 3) ones(dashed lines (a) presents the partial den-
sities of stateg N2+ N"2,]—[NI2+N{2]; (b) —[N33+ N/
(full line) and N3/2—[N32+ N22] (dashed lines(see the explana-
tion in the tex}.

Figure 4 shows the calculated XMCD spectra in the
spectrum of U at thé/l, edge (=u~ — ™) can be roughly  |LSDA and LSDA+U approximations for URttogether with
represented by-[N35+N23] partial density of state¥.In  the experimental datiThe intrinsic broadening mechanisms
the second case, however, the dipole allowed transitions fdfave been accounted for by folding the XMCD spectra with
A=+1 are—1/2—+1/2, +1/2—+3/2, and+3/2—+5/2 g Lorentzian of 3.2 and 3.4 eV faWs and M, spectra,
and forh=—1 are—1/2——3/2 and+3/2— +1/2. There-  respectively. The overall shapes of the calculated and experi-
fogg U M5?2XMg/:zD spectrum can be roughly represented by mental uraniunM , s XMCD spectra correspond well to each
N7j2—[N32+ Ngj] partial density of states. One would ex- other. The major discrepancy between the calculated and ex-
pect therefore smaller intensity of dichroic signal at Me perimental XMCD spectra is the size of théd, XMCD
edge for the second case in comparison with the first one dygeak. The LSDA theory produces a much smaller intensity
to the compensation betwedh, and [Ng;+Nsjp] partial g4 the XMCD spectrum at th#l, edge in comparison with
density of states in the second case. _ the experiment and simultaneously gives a larger dichroic

The 5f,, states are almost completely empty in all theSignal atMs edge. On the other hand, the LSBAJ pro-
uranium compounds. Therefore the XMCD spectrum of U &uces excellent agreement in the shape and intensity of
the M edge can be roughly represented by tfyeprojected XMCD spectra both at th, andM 5 edges for the solution
partial density of state¥:[N"/2,,+N"2,,]—[N72+N[2]. As _ ps ; 4 andils €ag _ _

a result, the shape of tHés XMCD spectrum consists of With the |3,—3) state occupation. The solution witf3,

two peaks of opposite sigh—a negative peak at lower energy z) occupation produces a smaller intensity for the XMCD
and a positive peak at higher energy. As the separation of thepectrum at thé/, edge in comparison with the experiment.
peaks is smaller than the typical lifetime broadening, theThis observation is consistent with the total-energy calcula-
peaks cancel each other to a large extent, thus leading tot®ns which show that the lowest-energy state has the solu-
rather small signal. tion with |3,— 3) states occupied.

Although we neglect cross terms in the transition matrix e [ SpA withU =0, the so-called orbital polarization

glemenys and thgre is no full compe'nsation b_etween trans<1;{pproximation[LSDA+U(OP)], which describes the corre-
tions with equal final states due to difference in the angula[atiorls between spin and orbital magnetic moment direc-

matrix elements, such a.S'_”?p'e representation quahtatlveI\/ions, gives a correct value of the XMCD spectrum at the U
reproduces all the peculiarities of the experimentally mea-

sured XMCD spectra in URt It gives a simple, slightly M edge_, but slightly ovgrestimates the positive peak and
asymmetric negative peak at thé, edge and ars-shaped undt_erestlmates the negative one atl\m@edge(_not shown.

two peak structure at thiel; edge(Fig. 3. It also correctly Figure 4 shows also the XMCD spectra in Rehlcu-
gives the dichroism at th#1, edge of approximately one lated using the LSDA U for the solution with occupied
order of magnitude larger than at tMe one. The spectrum |3, —3) states. The XMCD spectra of UPdnd UP} are

at theM, edge is very sensitive to the character of the oc-very similar, except, the positive peak at tM edge is
cupied 5, states and has larger intensity for the solutionslightly less pronounced in URdhan in UP4. Experimental
with occupied|3,— %) states. measurements of XMCD spectra in UPatre highly desired.
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IV. URu,Si, URu,Si, LSDA DOS
The heavy-fermion superconductor Ui, has attracted 51 R é
continuous attention in the last decade for its unusual

ground-state properties. URSI, crystallizes in the body-
centered tetragonal Th&3i, structure with lattice constant
a=4.126 A andc/a=2.319. AtTy=17.5 K the system un-
dergoes an antiferromagnetic phase transition which is ac-
companied by a sharp peak in the specific #e8&nd ther- r X
mal expansioff! A second transition occurs d.=1.2 K
and indicates the onset of superconductivity which coexists
with the antiferromagnetic order. Neutron-scattering
measurement$*3revealed a simple antiferromagnetic struc-
ture with a tiny ordered moment of (0.64).01)ug/U atom,
oriented along the axis of the tetragonal crystal structure.
The formation of an energy gap in the magnetic excitation
spectrum is reflected by an exponential temperature depen- 10
dence of the specific he®t* the thermal expansictt,and X
the nuclear-magnetic-resonance and nuclear-quadruple-
resonance relaxation rafésn the ordered state. Electrical ~ FIG. 5. The self-consistent fully relativistic, spin-polarized en-
resistivity*> and point-contact spectroscopy measurenfénts ergy band structure and total DO statesfunit cell eV)] of
show a similar energy gap, indicating a strong scattering o/RWSk, calculated in the LSDA and LSDAU.
the conduction electrons by the magnetic excitations. Mag-
netization measurements in high magnetic fi¢idSshow a  relativistic spin-polarized LSDA energy band structure and
suppression of the heavy-fermion state in three consecutivigtal DOS of the antiferromagnetic URSi, is shown in Fig.
steps at 35.8, 37.3, and 39.4 T for fields along the easy axis. Figure 6 shows the LSDA partial density of states of
(Bllc). These transitions have been confirmed in high-fieldyRu,Si,. Si 3s states are located mostly at the bottom of the
measurements of the magnetoresistance and Hallalence band in the-11 to —8 eV energy interval. Si g
coefficient® states hybridize strongly with Rud4 U 6d, and U 5 va-
There are several LSDA band-structure calculations Ofence states and occupy a wide energy range frodb to 11
URU28|2 in the Iiteratures.o‘“A self-consistent calculation of eV. There is an energy gap of around 0.5 eV betweensSi 3
electronic band structure for antiferromagnetically orderedhnd 3 states. Ru d states are situated below and above
URW,Si, was performed using an all-electron fully relativis- Fermi level in the—6.5 to 3.5 eV range. The Fermi level

tic spin-polarized linear augmented plane wall\PW)  falls in the local minimum of Ru @ states(Fig. 6). U 6d
method by Yamagami and Hamatfarhey obtained a mag-

netic moment at the uranium site with a tiny value of u@9
due to cancellation between the spin and the orbital mo- Si
ments. The theoretically calculated frequencies as functions 11
of the direction of applied magnetic field are in reasonable
agregnent with the dHVA frequencies measured by Ohkuni
et al.

The electronic band structure and the Fermi surface of
paramagnetic URibi, have been studied also with high-
resolution angle-resolved photoemission spectroscopy in
Ref. 55. It was found that Ruddbands form the main body
of the valence band and exhibit a remarkable energy disper-
sion in qualitatively good agreement with the band-structure
calculations. In addition to the dispersive Rd Bands, a less
dispersive band was found near the Fermi level, which can
be assigned to the Uf5-Ru 4d hybridized band.

Energy (eV)

LSDA+U

Energy (eV)

|

MA 10 20 30

(states/(atom eV))

density of states

15+

101

Partial

A. Band structure

Self-consistent LSDA calculations produce an antiferro-
magnetic ground state in URSBI, in agreement with the ex- 0
perimental observatiott. The spin moment at the U site is
obtained as—0.04ug and the orbital moment is 0.09;.
The total magnetic moment is, therefore, Qu@5 This is in
a good agreement with the magnetic moment of QQ4
observed by neutron-scattering measurem&ftsThe fully

5 10

Energy (eV)

FIG. 6. The partial density of states in UF8i, calculated in the
LSDA (the 6d partial DOS has been multiplied by factor of 3 for
clarity).
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7 60 T Mg URu,Siy Ms edge (Fig. 7). The LSDA+U with J=2.0 andJ
5 =0.5 eV and nonspherical corrections to Coulomb matrix
§401 elementd! produces excellent agreement in shape and inten-
s sity for the XMCD spectra both at th®l, and Mg edges.
8201 3 This can be considered as evidence in favor of a picture of
g partly localized U 5 states in URySi,.

0 - — One should mention that the LSBAU (OP) calculations

1 (Ue=0) underestimate the negative XMCD peak and over-
z 0 " N estimate the positive one at tihé; edge(not shown. This
E p approximation also slightly underestimates the XMCD signal
R R LSDA at theM, edge.
o LSDA+U
ZE: -2 i- exper.
— V. UPd,Al; AND UNi,Al;

Energy (eV) The most recently discovered heavy-fermion supercon-
ductors UPdAl; and UNLAI; (Refs. 57 and 58exhibit co-

FIG. 7. Isotropic absorption and XMCD spectra of U at existence between superconductivity and a magnetic state

the uraniumM, s edges calculated in the LSD@ashed lingsand . . .
LSDA+ U (full lines). Experimental spectrdref. 11) (circles were with relatively large ordered magnetic moments. Lig

measured at 50 K and in a magnetic field of 50rM,, spectra are V&S found toéexhibit a simple antiferromagnetic structure
shifted by — 95 eV to include them in the figure [wave vectorq=(0,0,1/2)] belowTy~14.5 K and static
magnetic moments of U lying in the basal plaieThe
states are strongly hybridized with Rul 4as well as Si neutron-scattering data are consistent with an ordered mag-
and even Si 8 states. A narrow peak of Ufg, states is netic momentM~0.85ug, reduced compared to the effec-
situated just at the Fermi levek . U 5f,, states are split off tive moment obtained from the high-temperature susceptibil-
by strong SO coupling and form another narrow peak 1.2 eVty, but exceeding by up to two orders of magnitude the small
aboveE . Because U b states are situated at the local mini- moments found, for example, in UPtHence, in contrast to
mum of Ru 4l states there is rather weak U5-Ru 4d  UP%, a picture of local-moment magnetism seems to de-
hybridization. scribe the magnetic state in UfAd;. Surprisingly, this
Figure. 5 also shows the band structure of Y& cal- large-moment magnetism was found to coexist with heavy-
culated in the LSDA-U with U=2.0 eV andJ=0.5 eVv. fermion superconductivity exhibiting the highést reported
The Coulomb repulsior o strongly influences the elec- to date for this class of materials. _
tronic structure of URsSi,. The occupied on-site f5ener- The electronic structure and Fermi surface of the antifer-
gies are shifted downwards by.¢/2 and the unoccupied romagnetic UPgAl; were calculated_ using the LSDA in
levels are shifted upwards by this amount. As a result botRefs. 60—62. The calculated magnetic moment was in good
the occupied and empty Uf5states move to a position with agreement with experiment, as was the calculated magneto-
large Ru 4 DOS and the degree of Uf5-Ru 4d hybrid-  crystalline anisotropy. The calculations reveal the importance
ization increases going from the LSDA to the LSBA)  Of hybridization of the U § states with the valence states of
solution. In the Hartree-Fock-like LSDAU solution with  Pd and Al even though this hybridization appears to be rather

nonspherical correction to Coulomb matrix elements, thredv€@k and to influence only a restricted energy interval in the
particular Hg, States fn=-5/2, m=-3/2, and m, U 5f bands. The calculated dHVA frequencies are found to

——1/2) are occupied, which leads to large spin be in good agreement with the experimental data. However,
(—2.01ug) and orbital (4.78g) magnetic moments for the the observed heavy masses cannot be obtained within the

62
U atom. U 5 states just above the Fermi level are formed by'—SDA-

the remaining 5., states whereas the peak df;5 states is The measuredin Ref. 63 x-ray photoemission and
pushed from its LSDA position aboug: by 2.8 eV. bremsstrahlung isochromat spectra of LiRd are well re-
produced by the LSDA calculated U Blensity of states. On

the other hand, the resonance photoemission spectra of
B. XMCD specira UPd,Al; do not match the calculated Uf OS in shape or

Figure 7 shows the calculated x-ray isotropic absorptiorposition, while the calculated Pdd4DOS matches very well
and XMCD spectra in the LSDA and LSDAU for URW,Si, ~ with the off-resonance spectrufih.
together with the experimental ddfaTo calculate the x-ray The superconducting and magnetic properties of JANj
isotropic absorptiorM, 5 spectra we take into account the are not so well documented compared to those of JAPd
background intensity which appears due to transitions fronowing to the difficulties of preparing good single crystdls.
occupied levels to the continuum of unoccupied levels. UNi,Al; undergoes transitions to antiferromagnetisnT gt

The theory produces a much smaller intensity of the~4.6 K and to superconductivity .~ 1.2 K. Muon spin
XMCD spectrum at theM, edge in comparison with the rotation experimenfS on polycrystalline UNjAl; showed
experiment in the LSDA calculations. It also gives a largerevidence for antiferromagnetism with an ordered moment of
positive peak and a two times smaller negative peak at ththe order of 0.Lg. Elastic neutron scattering from a single-
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UPd Al LsDA DOs ences greatly the form and width of thé peaks(the analy-
sis of the hybridization effects in URAI; are presented in
Ref. 61).

In agreement with experimetitwe found the basal plane
of the hexagonal structure to be the plane of easy magneti-
zation in UPdAIl;. The magnetic structures with magnetic
moments lying in thexy plane possess lower energy than
those with atomic moments along thaxis. A rotation of the
magnetic moment within they plane does not noticeably
change the energy of the configuration as well as the value of
the spin and orbital magnetic moments.

Our calculations, unfortunately, yield for the total energy
of the in-plane ferromagnetic structure a slightly lower value
than for the energy of the corresponding antiferromagnetic
structure, although the difference of the total energy of the
] ferromagnetic and antiferromagnetic in-plane solutions is
I MK LA LH Ao 10 20 30 40 very small, about 9 meV per formula unit, and is close to the
accuracy limit of our LMTO-LSDA calculations. This dis-
agrees with experiment, which shows the ground-state mag-
netic structure to be antiferromagneticThe same results
were obtained by Sandratskdt al. in Ref. 61.

The energy band structures of URi; and UPdAIl; are
crystal sample of UNiAl; has revealed the onset of long- very similar (Fig. 8). The major difference is in the energy
range magnetic order beloW,=4.6 K % The order is char- location and width of the transition-metal bands. Due to less
spatial expansion of Ni @ wave functions compared to Pd
4d wave functions the Ni 8 energy band is 1.5 times nar-
rower than the correspondingldband in UPdAl;. The Ni

Energy (eV)

Y

' MK TA LH A0 10 20 30 40
UNi Al

Energy (eV)

-10

FIG. 8. The self-consistent fully relativistic, spin-polarized en-
ergy band structure and total DO$ statesfunit cell eV)] of
UPd,Al; and UNRAI; calculated in the LSDA.

acterized by wave vector of the forng £ 7,0,3), with 7
=0.110+0.0003, indicating an incommensurate magnetic
structure within the basal plane, which is simply stacked anz 4 energy band is situated in the3 to —1.2 eV energy
tlferromagnet|cally glong ¢ to form the full th_ree- interval. Due to a shift of the Ni @ band toward the Fermi
dimensional magnetic structure. The maximum amplitude of

; . evel, the U 5—Ni 3d hybridization in UN}Al; is in-
the ordered moment is estimated to be (&:P110)us . creased in comparison with the U-5-Pd 4d hybridization

in UPd,Al;. A stronger interaction betweerf &nd conduc-
tion electrons when replacing Pd by Ni is manifested in a
shift toward higher temperatures of the maxima of both the
UPG,Al; and UPdAI; crystallize in a rather simple hex- resistivity and the susceptibility together with the decrease of
agonal structureP6/mmm (Dj,,, PrNbAl,-type structurg  the magnetic ordering temperatdig, the superconductivity
with lattice constanta=5.365 A, and c/a=4.186 for temperatureT., the antiferromagnetic moment, and the
UPd,Al; anda=5.207 A andc/a=4.018 for UNbAI,. smaller entropy change @i .°
The fully relativistic spin-polarized LSDA energy band  Figure 9 showsm; projected 35, density of states in
structures and total DOS's of the antiferromagnetic /¢  UPd,Al; calculated in the LSDA and LSDAU. We per-
and UNpAI; are shown in Fig. 8. The results of our band- formed two LSDA+U band-structure calculations. In the
structure calculations of UBRAl; are in good agreement first calculation we used) =J=0.5 eV, which givesU g
with previous calculations of Sandratskiti al®* Al 3s states =0 [the so-called LSDA-U(OP)]. In the second on&
are located mostly at the bottom of the valence band in the=2.0 eV andJ=0.5 eV. The LSDA approximation places
—9.7 to —5 eV energy interval. Al  states occupy the the 5f5,, density of states in close vicinity of the Fermi level
wide energy range from-6 to 11 eV hybridized strongly at —0.5 to 0.5 eV with strong hybridization between states
with Pd 4d, U 6d, and U 5 valence states. Pddstates are  with differentm;. The Coulomb repulsiot . strongly in-
almost fully occupied and situated below Fermi level in thefluences the electronic structure of URth and UNBAI5. In
—5 to —2.5 eV range. The magnetic moment at the Pd sitethe Hartree-Fock like LSDA U solution with nonspherical
therefore, is extremely small. Ud6states are strongly hy- corrections to Coulomb matrix elements, three particular
bridized with Pd 41 as well as Al 3 states. The character- 5fs, states (n;= —5/2, m;= —3/2, andm;= —1/2) are al-
istic feature of the LSDA band structure is a narrow peak ofmost completely occupled producing thé35conf|gurat|on
U 5fg), states situated just at the Fermi lexgt. U 5f,,  for U in UPd,Al; and UNBAIS.
states are split off by strong spin-orbit coupling and form Table | lists the calculated spM, orbital M,, and total
another narrow peak 1.2 eV abokig . Because Pdd states M, magnetic momentén ug) as well as the ratidl, /Mg in
are located far below the Fermi level, there is a rather weakJPd,Al; and UNLAI;. Our LSDA results are in good agree-
U 5f—Pd 4d hybridization. We should mention, however, ment with previous LSDA calculatiorf. Surprisingly,
that this hybridization is of primary importance and influ- LSDA calculations produce th®tal magnetic moments in

A. Band structure
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i y . A R FIG. 10. The XMCD spectra of UBAI; and UNbAI; at the
- uraniumM, 5 edges calculated in LSDA and LSDAU. Experi-
1 2 3 mental spectra for UB&I; (Ref. 11) were measured in a magnetic
Energy (eV) field of 5 T and 35 K. The experimental data for theMJ), XMCD

spectrum of UNjAl; is from Ref. 10.(U M, spectra are shifted by

FIG. 9. The partial %5, density of statesin states/atom eyin —95 eV to include them in the figure

UPG,AI .

) , i _ gether with the corresponding experimental dafehe over-
UPdAl; and UNBAI5 in good agreement with the experi- 5 shapes of the calculated and experimental uranidign;
mental data. On the other hand, the LSDA calculations\icp spectra correspond well to each other. The major
strongly underestimate the ratidl;/Ms (especially in  giscrepancy between the calculated and experimental XMCD
UNi,Al3) due to the unde_restlmanon of the orb@al m‘?mentspectra is the size of tHd , XMCD peak. The LSDA theory
by LSDA-based computational methods. The réifMsin - nroduces much smaller intensity for the XMCD spectrum at
th_e LSDA+U(_OP) calculations is in reasonable agreementyq M, edge in comparison with experiment and simulta-
with the experimental data for both compounds. neously strongly overestimates the negative peak aMbe
edge. On the other hand, the LSBAJ(OP) produces an
B. XMCD spectra excellent agreement in the shape and intensity of the XMCD
Figure 10 shows the calculated XMCD spectra in theSpectra both at th&1, andMs edges. The LSDA U calcu-
LSDA, LSDA+U(OP), and LSDA-U for UPdAI; to-  lations withU=2.0 eV slightly overestimate the intensity of
the dichroic signal at th, edge and produce a larger nega-
TABLE |. The experimental and calculated spif,, orbital  tive peak and smaller positive one at thle, edge.
M;, and totalM, magnetic moments at uranium siie wug) of Figure 10 shows also the XMCD spectra for YHis.
UPd,Al; and UNBAI;. The magnetic moments calculated for easy The experimental data exist only for thé, edge in this
magnetic axes, namely, hexagonal plane in J®gandc axis in  compound® For the LSDA calculations the theory produces
UNizAl ;. a smaller intensity of the XMCD spectrum at thk, edge in
comparison with the experiment. On the other hand, the in-
tensity of the experimentally measurbt, XMCD spectrum
UPGbAI LSDA 138 222 084 1.61 is in between the results obtained by LSBA(OP) and

LSDA (Ref. 63 —1.62 249 087 154  L-SDA+U.
LSDA+U(OP) —159 373 214  2.34

Compound Method Mg M, My —M /Mg

LSDA+U —1.92 461 2.69 2.40 VI. UBej3
EXpt' (Ref. 59 0-85 The system UBg was the first U-based heavy-fermion
xpt. (Ref. 10 2.01 ) e .
Expt L 1901 super_conductor_d|scoyer‘§dand, similar to UPRy, it shows
peculiar properties, pointing to an unconventional supercon-
UNiyAl 4 LSDA -0.47 0.54 0.07 1.15 ducting order parameter. UBgis certainly the most anoma-
LSDA+U(OP) —1.22 290 1.68 2.38 lous of the heavy-fermion superconductors.
LSDA+U —1.74 446 272 2.56 The specific heat in UBgis very weakly dependent upon
Expt. (Ref. 59 0.2 magnetic field and highly sensitive to presstitdhe low-
Expt. (Ref. 10 2.49 temperature value of the electronic specific-heat coefficient

is of the order of 21000 mJ mot K2, corresponding to an
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effective mass of several hundred free-electron masses. The
magnetic susceptibility is weakly pressure dependent in com-
parison with the specific heat and under pressure has a com-
pletely different temperature dependefit®oping on the U
sublattice which drives away the specific-heat anomaly
leaves the low-temperature susceptibility essentially un-
changed. The magnetization is linear in fields up to 28 T.
The dynamic magnetic susceptibility reveals no signifi-
cant structure on the scale of 1 meV, as is evidenced/ih
and instead shows a broad “quasielastic” response on the
scale of 15 meV as evidenced in both neutron scattering and
Raman spectra. Concomitant with the peak jfi is a
Schottky anomaly in the specific heat, suggesting that the 15
meV peak represents highly damped crystal-field levels for
}Nh'ch e eg;/lden'ce appears in thg nuclear-.mégnetlc reélectron-phonon interaction which the LSDA fails to take
axation of the °Be sites. This dynamic susceptibility peak into account
integrates to give 80% of the static susceptibility up to the '
experimental cutoff. This places a stringent bound on any
hypothetical moment-carrying state in the low-frequency re- A. Band structure

gion; given a 10 K Kondo scale to explain the residual sus- UBey; crystallizes in the NaZprtype fcc structure with

ceptibility the effective squared moment must be less tha'?he space group ﬁJ:m3c (No 226 and contains 28 atoms
0.25ug, which would appear to rule out an interpretation in per unit cell. There are two distinct Be sites,;Band Be,

8
termr? of a §°I's grorn%staté._ . fth with the 24 Be sites having a very low site symmetfgnly
mental data in lterature. Miranda and co-workers suggestel, MTC" PIand. The U atoms are surrounded by cages of 24
h “Fermiliauid(NFL) behavior of UB i gg e, atoms(Fig. 11) at the distance of 3.02 A. Eight Be
the non-Fermi-liquid( ) behavior o g cou € atoms are separated from the U atom by 4.443 A. This en-

driven by disordef’ Cox proposed, based on symmetry :
. ' . sures that the U atoms are widely separated. The U atoms
grounds, that the NFL behavior can be explained by the WOtorm a simple cubic sublattice with a large U-U nearest-

c?a?ntel IéloTjdﬁhmodelb?escrifptiS?HMore recentl;(;,. Andletrtg neighbor distance ad/2=5.13 A, which guarantees that the
€ &:j' |7&21cﬂ:a |e pro fem (;)r eI C(l)rtr.espo? tlf?g at' IC(Tf—f overlap is negligible. Therefore, all broadening of the U
modet. €y aiso periormed a cacuiaion of e oplical o a0 jnto bands results entirely from hybridization with

properties within such a two-channel Anderson lattice mode he conduction bands, rather than partially from diredt

for which the suppression of the low-frequency Drude Com'overlap, as occurs in many U compounds.

ponent and the development of a mid-infrared absorption in Self-consistent LSDA calculations produce a nonmagnetic

grszg‘;’;f'etgﬁ"’” spectrum at low temperatures have beeBround state in UBg. To calculate the electronic structure

One framework for describing the low-temperature prop-21d XMCD spectra of UBg in the LSDA, the term 2.8
erties of UBg; characterizes the material’'s behavior in terms- S which couples the spin of an electron to the external mag-
of its energy scales. Whereas common metals may be chanetic field was added to the Hamiltonian at the variational
acterized by a single energy scélbe Fermi energy UBe;;  step. The fully relativistic spin-polarized LSDA energy band
appears to require several. One may consider four energgtructure and total DOS of UBgis shown in Fig. 12 calcu-
scales® a crystal-field splitting of 150—189 K, a Kondo tem- lated in an external magnetic field of 20 T. The occupied part
perature of about 25 K, a spin-fluctuation temperature obf the valence band is formed predominantly by Beahd
about 2 K, and the superconducting transition temperature dfp states. U 55, states are situated just at the Fermi level
about 0.8 K. 1.0 eV above the top of Be@states. U 5, states are split

The energy band structure and Fermi surface of |dBe off by strong SO coupling and form another narrow peak 1
have been investigated in Refs. 73—-76 in a frame of theV aboveEr. Be 2s states are located mostly at the bottom
LSDA. It was showr?® that the hybridization between the U of the valence band. BeRstates are strongly hybridized
5f states and the Be@states occurs in the vicinity of the with U 6d states in the-6 to —1 eV energy interval. On the
Fermi level. The sheets of the Fermi surface are all small irother hand, there is quite large U-5Be 2p hybridization in
size and closed in topology. The cyclotron effective massicinity of the Fermi level in the—0.6 to 1.4 eV energy
calculated for the dHVA branches in the three symmetry ditange. Although every individual Be atom produces a quite
rections varies from 1.08, to 4.18n,. The theoretical elec- small 2p partial density of states, due to the large number of
tronic specific-heat coefficieny2/2 is 13.0 mJ/K mol.”®  Be atoms they sum up to p2DOS comparable in intensity
The theoretical results for the electronic specific-heat coeffiwith the U 5f DOS (Fig. 12).
cient are much less than the experimental ones, suggesting a Figure 12 also shows the band structure of YBmlcu-
large enhancement due to many-body effects. This disagreéated in the LSDA-U with U=2.0 eV andJ=0.5 eV. Par-
ment between theory and experiment might be ascribed ttially occupied U 5/, states split due to the Coulomb repul-
the enhancements due to the electron correlations and/or tisgon and the LSDA- U calculations give a solution with

N

FIG. 11. Crystal structure of UBg.
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FIG. 12. The energy band structure and total density of states
states/unit cell eYin UBe;5 calculated in the LSDA and LSDA
+U.

three localized 5 electrons. These localized States form a
rather narrow peak at 0.6 eV belolar . U 5f states just
above the Fermi level are formed by the remaininig, b
states whereas the peak of/5 states is pushed from its
LSDA position at 1.2 eV abovEg to 2.2 eV.

Figure 13 showsn; projected 35, and total §;,, density
of states in UBg; calculated in the LSDA and LSDAU.
We performed two LSDA U band-structure calculations
both withU=2.0 eV andJ=0.5 eV. In the first calculation
we used the LSDA U method with nonspherical correc-

UBe,;

10 f
1 LSDA

5f7/2

(states/(atom eV))

Partial density of states

| LSDA+U

Energy (eV)

FIG. 13. Them; projected 55, and total §5, density of states
in UBe3 calculated in the LSDA and LSDAU.
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FIG. 14. Comparison of the calculated U partidl BOS in the
LSDA (dotted ling and LSDA+ U with the experimental BIS spec-
trum (circles of UBe;; (Ref. 78. Dashed line presents DOS calcu-
lated with nonspherical correction to Coulomb matrix elements
whereas full line is calculated with averaggdandJ.

tions to the Coulomb matrix elemerisThe effect of a less
asymmetric density of localizedf5electrons can be simu-
lated by replacing the matrix elementd nmm and
Jmmm'm DYy averaged Coulomb and exchangd integrals,
respectively, and setting all other matrix elements to 2&ro.
In the nonrelativistic limit this would correspond, except for
the approximation to the double counting term, to the origi-
nal version of the LSDA- U method proposed in Ref. 77. In
this case all unoccupied Uf%electrons independent of their
angular momentum experience the same Coulomb repulsion
as the localized ones. In the Hartree-Fock-like LSBWA
solution with nonsphercial corrections to the Coulomb ma-
trix elements three particularfg, states ;= —5/2, m;=
—3/2, andm;= —1/2) are occupied which leads (0 large
spin (—1.95ug) and orbital (4.4%g) magnetic moments of
the U atom andii) strongly anisotropic Coulomb interaction
of the remaining % electrons with the occupied ones. In the
calculations using the LSDAU method with spherically
averagedJ andJ an unoccupied U b electron state feels a
much more isotropic repulsive potential and is situated closer
to the Fermi energy. This gives smaller magnetic moments
(spin moment is equal to-1.82ug and orbital moment
4.08ug) in comparison with the nonsphercial solution. The
5f5, states withm; = — 1/2 became partly empty for the cal-
culations with spherically averagdd and J and the main
peak of N_,,, DOS is situated just above the Fermi level
(Fig. 13.

The three calculations presented in Fig. 13 produce rather
different energy locations for the emptyf States. The prin-
cipal question of the energy position of the empfysiates is
usually answered by bremsstrahlung isochromat spectros-
copy (BIS) measurements. Figure 14 shows the experimental
BIS spectrum of UBg (Ref. 78 compared with the calcu-
lated energy distribution for the unoccupied partial @ 5
density of states in the LSDA and LSBAU. The LSDA
places empty b states too close to the Fermi lev&lig. 14).

The LSDA+ U calculations with nonspherical solution place
the maximum of empty 6 states more than 1 eV higher than
the experiment. The LSDAU calculations with spherically
averagedJ andJ give the correct position of emptyfSstates
within the experimental resolutioffFig. 14). The main peak
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S UBe,g with partly emptym; = — 1/2 states with the main peak of the
101 N_4, DOS very close to the Fermi levéFig. 13. This is the

] M, typical situation for a system with mixed valenCeé One
should mention that the LSDAU method which combines
LSDA with a basically static, i.e., Hartree-Fock-like, mean-
field approximation for a multiband Anderson lattice model
does not contain true many-body physics and cannot treat
systems with mixed valence properly. The evaluation of the
electronic structure of UBg needs further theoretical inves-
tigations.

v LODA
-e---- LSDA+U

LSDA+U(spher.)
« - exper.

VIl. SUMMARY

40 60 80 100
Energy (eV) We have studied by means of ah initio fully relativistic
spin-polarized Dirac LMTO method the electronic structure
and the x-ray magnetic circular dichroism in YFeJXAI
X=Co, Rh, and Bt and heavy-fermion compounds WPt
RwSi,, UPdAl5, UNi,Al3;, and UBgs.

FIG. 15. Isotropic absorption and XMCD spectra of YBat
the uraniumM, s edges calculated in the LSD@otted line$ and
LSDA+U. The dashed line presents XMCD spectra calculate

with nonspherical corrections to Coulomb matrix elements whereas . .
P The LSDA calculations fail to produce the correct value

the full line results are calculated with averagddand J. Experi- f1h bital £ ¢ . ds b
mental spectrdRef. 9 (circles were measured at 12 K and in a ofthe orbital moment in MoSt uranium compounds because

magnetic field of 5 Tthe UM, spectrum is shifted by- 95 eV to In LSD,A Fhe K(_)hn'Sham _equation is described by a. local
include it in the figurg: potential including the spin-dependent electron density but

neglecting the electric current, which describgls. The

in the BIS spectrum is derived from the U 5, states, while LSDA+U improves greatly the agreement between the

the low-energy shoulder split off from the main peak is fromtheory and the experiment in the description of the magnetic
the 5fg, states. moments in UFgand UXAI (X=Co, Rh, and Bt The very

small value of U magnetic moments in UPtUPd;, and
UBe;; have not been produced by any kind of approxima-
tion, which emphasizes the importance of subtle many-body
Figure 15 shows the UBgx-ray isotropic absorption and effects responsible for the magnetic-moment formation in
XMCD spectra calculated in the LSDA and LSDAJ to-  these compounds. These findings illustrate that not every-
gether with the experimental datalhe LSDA calculations thing about the electronic structure of heavy-fermion com-
produce much smaller intensity of the XMCD spectrum atpounds can be explained with the approximations consid-
the M, edge in comparison with the experiment and simul-ered.
taneously give larger dichroic signal for the negative peak The overall shapes of the calculated and experimental ura-
and do not produce the positive shoulder at Mg edge  nium M, s XMCD spectra correspond well to each other. The
(Fig. 15. On the other hand, the LSDAU calculations im-  major discrepancy between the calculated and experimental
prove the agreement between the theory and the experimeRMCD spectra is the size of tht1, XMCD peak. The
in the shape and intensity of XMCD spectra both atkhg  LSDA theory produces usually much smaller intensity for
and M edges. The LSDA U method with nonspherical the XMCD spectrum at th#, edge in comparison with the
corrections to the Coulomb matrix elements slightly overesexperiment and simultaneously gives inappropriate dichroic
timates the dichroic signal at thd, edge, underestimates signal strength at th&l5 edge. It fails to produce a correct
the intensity of the positive peak, and strongly overestimateftensity of dichroic signal at thé1, edge even in UFRe
the negative peak at thiel; edge. The LSDA U calcula-  which is widely believed to have itinerantf ®lectrons. As
tions with averaged andJ give a correct value of the posi- the integrated XMCD signal is proportional to the orbital
tive peak at thévi; edge and the negative peak at Mg one  moment this discrepancy could be related rather to an under-
but still overestimate the intensity of the negative peak at th@stimation of the orbital moment by LSDA-based computa-
Mg edge. tional methods rather than to a failure in the description of
UBe,3 is unlike the other heavy-fermion compounds, inthe energy band structure of the itinerarft ystems. The
that the better description of its XMCD and BIS spectra re-LSDA+U gives much better agreement in the shape and
quires spherically averaged and J values. The physical intensity of the XMCD spectra both at tiM, andM 5 edges
reason for this is not clear, however there are some indican uranium compounds.
tions from the calculations. Comparing the orbital resolved Concerning the best description of line shape and inten-
5f5, DOS’'s shown in Fig. 13 one can see that in thesity of the XMCD spectra, the investigated metallic uranium
LSDA+U solution with nonspherical corrections to the compounds fall into two groups according to the type of the
Coulomb matrix elements three particulafsp states LSDA+U method used. The LSDAU(OP) (U.z=0) bet-
=—5/2, mj=—-3/2, and mj=—1/2) are fully occupied, ter describes the XMCD spectra in UFeUXAIl (X=Co,
which leads to a pure 8 configuration. The calculations Rh, and Pt UPdAl;, and UNpAlI; compounds. But the
using the spherically averagétandJ values give a solution XMCD spectra of UPt, URW,Si,, and UBg; are better de-

B. XMCD spectra
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