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Electronic structure and x-ray magnetic circular dichroism in uranium compounds.
III. Heavy-fermion compounds
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The electronic structure and x-ray magnetic circular dichroism~XMCD! spectra of heavy-fermion com-
pounds UPt3 , URu2Si2 , UPd2Al3 , UNi2Al3, and UBe13 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 approximation~LSDA!, as well as with a generalization of the LSDA
1U method. The origin of the XMCD spectra in the compound is examined.
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I. INTRODUCTION

One of the most fascinating aspects of heavy-ferm
physics is the observation of superconductivity, first detec
in CeCu2Si2 by Steglichet al.1 This is a milestone in the
field of superconducting materials, along with the discov
ies of superconductivity in the cuprate compounds and
fullerenes.

Heavy-fermion materials have been at the forefront
condensed-matter research because the strongly corre
electronic states responsible for their physical properties
main a very challenging problem. These materials disp
exotic behavior in their thermodynamic and transport pr
erties at moderate temperatures, and many heavy-ferm
materials have unusual coexisting states at l
temperatures.2–8 A fascinating aspect of this class of com
pounds is the wealth of ground states which occur. Althou
a myriad of experiments have been devoted to the chara
ization of these ground states, a comprehensive underst
ing of heavy-fermion properties at low temperature is s
lacking. The heavy-fermion ground-state properties
highly sensitive to impurities, chemical composition, a
slight changes of external parameters. This sensitivity in
cates that a subtle interplay between different interacti
produces a richness of experimental phenomena. It is wid
believed that the competition between the Kondo effect~re-
flecting the interaction between the localized 5f moments
and the conduction electrons! and the magnetic correlation
between the periodically arranged 5f moments constitute the
key factors in determining the magnetic properties of hea
fermion compounds.2

For heavy-fermion compounds the attribute ‘‘heavy’’
connected with the observation of a characteristic ene
much smaller than in ordinary metals, which reflects a th
mal effective massm* of the conduction electrons orders
magnitude larger than the bare electron mass. These h
masses manifest themselves by a large electronic coeffic
g of the specific heatC (g5C/T for T→0), an enhanced
Pauli susceptibility, a hugeT2 term in the electrical resistiv
ity, and highly temperature-dependent de Haas–van Alp
0163-1829/2003/68~21!/214426~13!/$20.00 68 2144
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oscillation amplitudes at very low temperatures. The la
m* value is usually believed to be derived from strong
correlated electrons. While at high temperature the 5f elec-
trons and conduction electrons interact weakly, at low te
perature these two subsets of electrons become stro
coupled, resulting in the formation of a narrow resonan
manifested in the density of states near the Fermi ene
Thus, at sufficiently low temperatures, the heavy-ferm
compounds behave like a system of heavy itinerant electr
the properties of which can be described in the framework
the Landau Fermi-liquid formalism.

Among uranium heavy-fermion compounds supercond
tivity is observed in UBe13, UPt3 , URu2Si2 , U2PtC2 ,
UPd2Al3, and UNi2Al3. Usually superconductivity in thes
compounds coexists with antiferromagnetic order, and
has led to the suggestion that the effective attractive inte
tion between the superconducting electrons may be medi
by spin fluctuations, rather than by the electron-phonon
teraction. This is supported by the fact that the obser
superconducting states are highly anisotropic, with node
the gap function not explainable by ans-wave theory.

In recent years, it has been shown that polarized x r
can be used to determine the magnetic structure of mag
cally ordered materials by x-ray scattering and x-ray m
netic circular dichroism~XMCD!. Nowadays, the investiga
tion of magneto-optical effects in the soft x-ray range h
gained great importance as a tool for the investigation
magnetic materials. Recently, XMCD measurements h
been successfully performed on some uranium hea
fermion compounds such as UBe13 and UPt3,9 UNi2Al3,10

UPd2Al3, and URu2Si2.11

In the present work we report a detailed theoretical inv
tigation of the electronic structure and XMCD properties
heavy-fermion uranium compounds UPt3 , URu2Si2 ,
UPd2Al3 , UNi2Al3, and UBe13. This paper is the last in a
series of three papers. The first paper12 is devoted to theoret-
ical investigation of the XMCD spectra of UFe2 and the
second one to XMCD properties of UXAl ( X5Co, Rh, and
Pt! intermetallics.13 The degree of localization of U 5f states
and, hence, the strength of the Coulombf -f correlation ef-
©2003 The American Physical Society26-1
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fects increases from UFe2 to UXAl and to heavy-fermion
compounds.

This paper is organized as follows. Section II present
description of the computational details. Sections III–VI a
devoted to the electronic structure and XMCD properties
the UPt3 , URu2Si2 , UX2Al3 (X5Pd and Ni!, and UBe13,
respectively, calculated in the local spin-density approxim
tion ~LSDA! and LSDA1U. The XMCD theoretical calcu-
lations are compared to the experimental measurements
nally, the results are summarized in Sec. VII.

II. COMPUTATIONAL DETAILS

The details of the computational method are describe
the first paper of this series,12 and here we only mention
several aspects. The calculations were performed using
linear muffin-tin orbital~LMTO! method14,15 in the atomic
sphere approximation with the combined correction te
taken into account. We used the von Barth-Hed
parametrization16 for the exchange-correlation potentia
Brillouin-zone integrations were performed using the i
proved tetrahedron method,17 and self-consistency charg
was obtained with 301, 1183, 910, and 349 irreduciblek
points for UPt3 , URu2Si2 , UPd2Al3, and UBe13, respec-
tively. The basis consisted of Us, p, d, f; transition metal~Pt,
Ru, Pd, and Ni! s, p, andd; Si, Al, and Bes andp LMTO’s.
The electronic structure is obtained with the LSDA, as w
as with a generalization of the LSDA1U method for which
the occupation matrix of localized electrons becomes no
agonal in spin indices in the presence of spin-orbit~SO!
coupling.18

III. UPt 3

UPt3 is a well-known heavy-fermion system.19,20 The
Sommerfeld coefficient of the linear low-temperature s
cific heat is strongly enhanced, i.e.,g5420 mJ/
(mol K2). Strong electron-electron correlations are a
manifest in aT3ln T term in the low-temperature specifi
heat, which is believed to be due to spin fluctuations. At l
temperature UPt3 is a superconductor, with aTc of 0.54 K.7

UPt3 is the archetype of a heavy-fermion system. It has
qualitative properties of a Fermi liquid, but the magnitude
the effective masses, reflected in the specific heat and m
netic susceptibility, is very much larger than the free-elect
value. The heaviness of the electrons is generally attribu
to electron correlations which come from the strong Co
lomb interactions among the localized 5f electrons on the U
sites.

UPt3 has attracted a great deal of interest from ba
structure theorists,21–25particularly when it became clear tha
reliable experimental information on the Fermi surface co
be obtained by measurements of the de Haas–van Alp
~dHvA! effect.26–28 These experiments unambiguously co
firm that UPt3 has to be regarded as a strongly correla
Fermi liquid. Although a detailed picture of the low
temperature phase of UPt3 has emerged, a comprehensi
theoretical picture of the heavy quasiparticles is still missi

It has been considered a success of the LSDA that
21442
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dHvA frequencies could be related to extremal orbits on
Fermi surface obtained from band-structure calculatio
which treat the U 5f states as itinerant. There are good re
sons that standard band-structure calculations reproduce
the complex topology of the Fermi surface in UPt3. In great
contrast, however, no such agreement is found for the m
sured cyclotron masses. The calculated energy bands ar
broad to explain the effective masses: dHvA masses are
factor of order 20 bigger than the band massesmb obtained
from the LSDA calculations.23–25This is of course the defin
ing characteristic of a heavy-fermion compound, and is d
to the strong electron-electron correlations not included
the band-structure calculations. It is interesting that even
the presence of such strong correlations, there is no evide
of any breakdown of the Fermi-liquid theory. The standa
Lifshitz-Kosevich formula for the field and temperature d
pendence of the amplitude of quantum oscillations is p
fectly verified down to 10 mK and up to 18 T.7

UPt3 shows a static antiferromagnetic order below ab
TN55 K with a very small staggered moment of the order
0.01mB /U atom. This ordering was first noticed in muon
spin-relaxation measurements by Heffneret al.29 and was
soon confirmed by neutron scattering.30 The magnetic order
is collinear and commensurate with the crystal lattice, wit
moment aligned in the basal plane. It corresponds to ant
romagnetic coupling within planes and ferromagnetic co
pling between planes. All aspects of this ordering were
produced by later neutron studies on a different crystal31,32

and by magnetic x-ray scattering.33 The moment at lower
temperatures grows to a maximum magnitude
(0.02–0.03)mB /U atom.

A. Band structure

UPt3 crystallizes in the MgCd3-type structure. The ura
nium atoms form a closed-packed hexagonal structure w
the platinum atoms bisecting the planar bonds. There are
formula units per unit cell. The compound belongs to t
space groupP63 /mmcand the point groupD6h . The lattice
parameters area55.753 Å and c/a54.898. The neares
U-U distance is between atoms in adjacent layers, equa
4.132 Å, and the conductivity is greatest along thec axis.

The fully relativistic spin-polarized LSDA energy ban
structure and total density of states~DOS! of the ferromag-
netic UPt3 compound is shown in Fig. 1. The occupied pa
of the valence band is formed predominantly by Pt 5d states.
The characteristic feature of the LSDA band structure i
narrow peak of U 5f 5/2 states situated just at the Fermi lev
(EF) 1.0 eV above the top of Pt 5d states. U 5f 7/2 states are
split off by strong SO coupling and form another narro
peak 1 eV aboveEF .

Figure 1 also shows the band structure of UPt3 calculated
in the LSDA1U approximation with U52.0 eV and J
50.5 eV. The Coulomb repulsion splits partially occupied
5 f 5/2 states and the LSDA1U calculations give a solution
with two localized 5f electrons. These localized 5f states are
situated above the top of Pt 5d and form a rather narrow
peak at 0.2 eV belowEF . The position of the peak agree
well with the results of recent resonant photoemiss
6-2
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ELECTRONIC STRUCTURE AND X-RAY . . . . III. . . . PHYSICAL REVIEW B68, 214426 ~2003!
spectroscopy34 ~PES! and angle-resolved PE
measurements.35 U 5 f states just above the Fermi level a
formed by the remaining 5f 5/2 states whereas the peak fro
the 5f 7/2 states is pushed from its LSDA position at 1 e
aboveEF to 2.3 eV.

An orbital resolved DOS corresponding to the orbita
with the largest occupation numbers is shown in Fig. 2
UPt3 and for UPd3 as a reference material. Two peaks a
21.0 to 20.5 eV in UPd3 are formed by 5f 5/2 states with
mj525/2 and mj523/2. Their occupation numbers ar
n5/250.988 andn3/250.982, which corresponds to anf 2

configuration of the U ion.18 The corresponding states i
UPt3 are situated in20.5 to 0.2 eV energy range, very clos
to the Fermi level and partially occupied. Such a differe
energy position of occupied 5f 5/2 states in UPd3 and UPt3
can be explained by the larger spatial extent of Pt 5d wave
functions as compared to the Pd 4d states, which causes

FIG. 1. The self-consistent fully relativistic, spin-polarized e
ergy band structure and total DOS@in states/~unit cell eV!# of UPt3
calculated in the LSDA and LSDA1U.

FIG. 2. The partial 5f 5/2 density of states~in states/atom eV! in
UPt3 and UPd3 calculated in the LSDA1U.
21442
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proportional increase of the part off electron density at the U
site provided by the ‘‘tails’’ ofd states. The screening of th
localized U 5f states by this delocalized density becom
stronger in UPt3 and their occupied 5f 5/2 states shift to
higher energy.18

The above-mentioned self-consistent LSDA1U solutions
for UPd3 and UPt3 are magnetic with a rather large U ma
netic moment. This is contrary to the experimental d
which show that the ordered magnetic moment is o
0.01mB and (0.02–0.03)mB per U atom in UPd3 and UPt3,
respectively.31–33,36 This extremely small U magnetic mo
ment is explained by the fact that according to the crystall
electric-field ~CEF! level scheme derived from neutron
scattering experiments, the lowest CEF level of U41 ion in
both compounds is a singlet33,37 which leads to a nonmag
netic ground state for these compounds. The LSDA1U is
still a one-electron approximation and cannot fully accou
for the subtle many-body effects responsible for the sm
value of the U magnetic moment in UPd3 and UPt3. It tries
to obey Hund’s rules in the only way it is allowed to, i.e., b
producing a magnetic solution. A possible way to overco
this discrepancy between the calculations and the experim
is to force a nonmagnetic ground state in the LSDA1U cal-
culations as it was done by Harima and co-workers in Re
38 and 36. We have verified, however, that this leads to
increase of the total energy as compared to magnetic s
obtained in the calculations.

It should be mentioned that depending on the starting c
ditions another self-consistent LSDA1U solution very close
in total energy can be obtained for UPd3 as well as for UPt3.
This solution also results in two localized U 5f electrons but

in this case the occupied states areu 5
2 ,2 5

2 & andu 5
2 ,2 1

2 & ~here
we used the notationu j ,mj& for the state with the total mo
mentumj and its projectionmj ). The existence of two almos
degenerate solutions can be understood if one compare
matrix elements of Coulomb interactionUmj ,m

j8
calculated

between 5f 5/2 states with differentmj .18 The matrix ele-
mentsU5/2,3/2andU5/2,1/2are equal and the energy differenc
is caused not by the on-site Coulomb interaction but inst
by a difference in the hybridization between U 5f 5/2 and
conduction electrons. Also, the lowest unoccupied 5f state,

which is eitheru 5
2 ,2 1

2 & or u 5
2 ,2 3

2 &, feels the same Coulomb
repulsion of the localized electrons. Total-energy calcu
tions, however, show that lower-energy solution is associa

with u 5
2 ,2 3

2 & occupied states.

B. XMCD spectra

As we mentioned above, for the 5f 2 configuration in UPt3
we have two solutions with close total energies, in the fi
case the 5f 5/2 states withmj525/2 and23/2 are occupied
and in the second case the occupied states aremj525/2 and
21/2. In the first case the dipole allowed transitions for l
circularly polarized lightl511 are 23/2→21/2, 21/2
→11/2, 11/2→13/2, and13/2→15/2 and for right cir-
cularly polarization l521 are 11/2→21/2 and 13/2
→11/2. The transitions with equal final statesmj521/2
and mj511/2 mostly cancel each other and the XMC
6-3
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spectrum of U at theM4 edge (I 5m22m1) can be roughly
represented by2@N3/2

5/21N5/2
5/2# partial density of states.12 In

the second case, however, the dipole allowed transitions
l511 are21/2→11/2, 11/2→13/2, and13/2→15/2
and forl521 are21/2→23/2 and13/2→11/2. There-
fore U M4 XMCD spectrum can be roughly represented
N1/2

5/22@N3/2
5/21N5/2

5/2# partial density of states. One would e
pect therefore smaller intensity of dichroic signal at theM4
edge for the second case in comparison with the first one
to the compensation betweenN1/2 and @N3/21N5/2# partial
density of states in the second case.

The 5f 7/2 states are almost completely empty in all t
uranium compounds. Therefore the XMCD spectrum of U
the M5 edge can be roughly represented by themj projected
partial density of states:12 @N27/2

7/2 1N25/2
7/2 #2@N7/2

7/21N5/2
7/2#. As

a result, the shape of theM5 XMCD spectrum consists o
two peaks of opposite sign—a negative peak at lower ene
and a positive peak at higher energy. As the separation o
peaks is smaller than the typical lifetime broadening,
peaks cancel each other to a large extent, thus leading
rather small signal.

Although we neglect cross terms in the transition mat
elements and there is no full compensation between tra
tions with equal final states due to difference in the angu
matrix elements, such a simple representation qualitativ
reproduces all the peculiarities of the experimentally m
sured XMCD spectra in UPt3. It gives a simple, slightly
asymmetric negative peak at theM4 edge and ans-shaped
two peak structure at theM5 edge~Fig. 3!. It also correctly
gives the dichroism at theM4 edge of approximately one
order of magnitude larger than at theM5 one. The spectrum
at theM4 edge is very sensitive to the character of the
cupied 5f 5/2 states and has larger intensity for the soluti

with occupiedu 5
2 ,2 3

2 & states.

FIG. 3. The model representation of theM5 ~a! and M4 ~b!

XMCD of UPt3 for two solutions withu 5
2 ,2 3

2 & occupied states~full

lines! and u 5
2 ,2 1

2 & ones~dashed lines!: ~a! presents the partial den
sities of states@N27/2

7/2 1N25/2
7/2 #2@N7/2

7/21N5/2
7/2#; ~b! 2@N3/2

5/21N5/2
5/2#

~full line! and N1/2
5/22@N3/2

5/21N5/2
5/2# ~dashed lines! ~see the explana

tion in the text!.
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Figure 4 shows the calculated XMCD spectra in t
LSDA and LSDA1U approximations for UPt3 together with
the experimental data.9 The intrinsic broadening mechanism
have been accounted for by folding the XMCD spectra w
a Lorentzian of 3.2 and 3.4 eV forM5 and M4 spectra,
respectively. The overall shapes of the calculated and exp
mental uraniumM4,5 XMCD spectra correspond well to eac
other. The major discrepancy between the calculated and
perimental XMCD spectra is the size of theM4 XMCD
peak. The LSDA theory produces a much smaller intens
for the XMCD spectrum at theM4 edge in comparison with
the experiment and simultaneously gives a larger dichr
signal atM5 edge. On the other hand, the LSDA1U pro-
duces excellent agreement in the shape and intensity
XMCD spectra both at theM4 andM5 edges for the solution

with the u 5
2 ,2 3

2 & state occupation. The solution withu 5
2 ,

2 1
2 & occupation produces a smaller intensity for the XMC

spectrum at theM4 edge in comparison with the experimen
This observation is consistent with the total-energy calcu
tions which show that the lowest-energy state has the s

tion with u 5
2 ,2 3

2 & states occupied.
The LSDA withUeff50, the so-called orbital polarization

approximation@LSDA1U~OP!#, which describes the corre
lations between spin and orbital magnetic moment dir
tions, gives a correct value of the XMCD spectrum at the
M4 edge, but slightly overestimates the positive peak a
underestimates the negative one at theM5 edge~not shown!.

Figure 4 shows also the XMCD spectra in UPd3 calcu-
lated using the LSDA1U for the solution with occupied

u 5
2 ,2 3

2 & states. The XMCD spectra of UPd3 and UPt3 are
very similar, except, the positive peak at theM5 edge is
slightly less pronounced in UPd3 than in UPt3. Experimental
measurements of XMCD spectra in UPd3 are highly desired.

FIG. 4. The XMCD spectra of UPt3 and UPd3 at the uranium
M4,5 edges calculated in the LSDA, LSDA1U(OP), and LSDA
1U. Experimental spectra for UPt3 ~Ref. 9! ~circles! were mea-
sured in a magnetic field of 5 T at 20 K.~U M4 spectra are shifted
by 295 eV to include them in the figure!.
6-4
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IV. URu 2Si2

The heavy-fermion superconductor URu2Si2 has attracted
continuous attention in the last decade for its unus
ground-state properties. URu2Si2 crystallizes in the body-
centered tetragonal ThCr2Si2 structure with lattice constan
a54.126 Å andc/a52.319. AtTN517.5 K the system un-
dergoes an antiferromagnetic phase transition which is
companied by a sharp peak in the specific heat39,40 and ther-
mal expansion.41 A second transition occurs atTc51.2 K
and indicates the onset of superconductivity which coex
with the antiferromagnetic order. Neutron-scatteri
measurements42,43 revealed a simple antiferromagnetic stru
ture with a tiny ordered moment of (0.0460.01)mB /U atom,
oriented along thec axis of the tetragonal crystal structur
The formation of an energy gap in the magnetic excitat
spectrum is reflected by an exponential temperature de
dence of the specific heat,39,40 the thermal expansion,41 and
the nuclear-magnetic-resonance and nuclear-quadru
resonance relaxation rates44 in the ordered state. Electrica
resistivity45 and point-contact spectroscopy measuremen46

show a similar energy gap, indicating a strong scattering
the conduction electrons by the magnetic excitations. M
netization measurements in high magnetic fields47,48 show a
suppression of the heavy-fermion state in three consecu
steps at 35.8, 37.3, and 39.4 T for fields along the easy
(Bic). These transitions have been confirmed in high-fi
measurements of the magnetoresistance and
coefficient.49

There are several LSDA band-structure calculations
URu2Si2 in the literature.50–53A self-consistent calculation o
electronic band structure for antiferromagnetically orde
URu2Si2 was performed using an all-electron fully relativi
tic spin-polarized linear augmented plane wave~LAPW!
method by Yamagami and Hamada.53 They obtained a mag
netic moment at the uranium site with a tiny value of 0.09mB
due to cancellation between the spin and the orbital m
ments. The theoretically calculated frequencies as funct
of the direction of applied magnetic field are in reasona
agreement with the dHvA frequencies measured by Ohk
et al.54

The electronic band structure and the Fermi surface
paramagnetic URu2Si2 have been studied also with high
resolution angle-resolved photoemission spectroscopy
Ref. 55. It was found that Ru 4d bands form the main body
of the valence band and exhibit a remarkable energy dis
sion in qualitatively good agreement with the band-struct
calculations. In addition to the dispersive Ru 4d bands, a less
dispersive band was found near the Fermi level, which
be assigned to the U 5f –Ru 4d hybridized band.

A. Band structure

Self-consistent LSDA calculations produce an antifer
magnetic ground state in URu2Si2 in agreement with the ex
perimental observation.41 The spin moment at the U site i
obtained as20.04mB and the orbital moment is 0.09mB .
The total magnetic moment is, therefore, 0.05mB . This is in
a good agreement with the magnetic moment of 0.04mB
observed by neutron-scattering measurements.42,43 The fully
21442
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relativistic spin-polarized LSDA energy band structure a
total DOS of the antiferromagnetic URu2Si2 is shown in Fig.
5. Figure 6 shows the LSDA partial density of states
URu2Si2. Si 3s states are located mostly at the bottom of t
valence band in the211 to 28 eV energy interval. Si 2p
states hybridize strongly with Ru 4d, U 6d, and U 5f va-
lence states and occupy a wide energy range from26.5 to 11
eV. There is an energy gap of around 0.5 eV between Ss
and 3p states. Ru 4d states are situated below and abo
Fermi level in the26.5 to 3.5 eV range. The Fermi leve
falls in the local minimum of Ru 4d states~Fig. 6!. U 6d

FIG. 5. The self-consistent fully relativistic, spin-polarized e
ergy band structure and total DOS@in states/~unit cell eV!# of
URu2Si2 calculated in the LSDA and LSDA1U.

FIG. 6. The partial density of states in URu2Si2 calculated in the
LSDA ~the 6d partial DOS has been multiplied by factor of 3 fo
clarity!.
6-5
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A. N. YARESKO et al. PHYSICAL REVIEW B 68, 214426 ~2003!
states are strongly hybridized with Ru 4d as well as Si 3p
and even Si 3s states. A narrow peak of U 5f 5/2 states is
situated just at the Fermi levelEF . U 5f 7/2 states are split off
by strong SO coupling and form another narrow peak 1.2
aboveEF . Because U 5f states are situated at the local min
mum of Ru 4d states there is rather weak U 5f —Ru 4d
hybridization.

Figure. 5 also shows the band structure of URu2Si2 cal-
culated in the LSDA1U with U52.0 eV andJ50.5 eV.
The Coulomb repulsionUeff strongly influences the elec
tronic structure of URu2Si2. The occupied on-site 5f ener-
gies are shifted downwards byUeff/2 and the unoccupied
levels are shifted upwards by this amount. As a result b
the occupied and empty U 5f states move to a position wit
large Ru 4d DOS and the degree of U 5f —Ru 4d hybrid-
ization increases going from the LSDA to the LSDA1U
solution. In the Hartree-Fock-like LSDA1U solution with
nonspherical correction to Coulomb matrix elements, th
particular 5f 5/2 states (mj525/2, mj523/2, and mj
521/2) are occupied, which leads to large spin
(22.01mB) and orbital (4.78mB) magnetic moments for the
U atom. U 5f states just above the Fermi level are formed
the remaining 5f 5/2 states whereas the peak of 5f 7/2 states is
pushed from its LSDA position aboveEF by 2.8 eV.

B. XMCD spectra

Figure 7 shows the calculated x-ray isotropic absorpt
and XMCD spectra in the LSDA and LSDA1U for URu2Si2
together with the experimental data.11 To calculate the x-ray
isotropic absorptionM4,5 spectra we take into account th
background intensity which appears due to transitions fr
occupied levels to the continuum of unoccupied levels.56

The theory produces a much smaller intensity of
XMCD spectrum at theM4 edge in comparison with the
experiment in the LSDA calculations. It also gives a larg
positive peak and a two times smaller negative peak at

FIG. 7. Isotropic absorption and XMCD spectra of URu2Si2 at
the uraniumM4,5 edges calculated in the LSDA~dashed lines! and
LSDA1U ~full lines!. Experimental spectra~Ref. 11! ~circles! were
measured at 50 K and in a magnetic field of 5 T~U M4 spectra are
shifted by295 eV to include them in the figure!.
21442
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M5 edge ~Fig. 7!. The LSDA1U with J52.0 and J
50.5 eV and nonspherical corrections to Coulomb mat
elements11 produces excellent agreement in shape and in
sity for the XMCD spectra both at theM4 and M5 edges.
This can be considered as evidence in favor of a picture
partly localized U 5f states in URu2Si2.

One should mention that the LSDA1U(OP) calculations
(Ueff50) underestimate the negative XMCD peak and ov
estimate the positive one at theM5 edge~not shown!. This
approximation also slightly underestimates the XMCD sig
at theM4 edge.

V. UPd2Al3 AND UNi2Al3

The most recently discovered heavy-fermion superc
ductors UPd2Al3 and UNi2Al3 ~Refs. 57 and 58! exhibit co-
existence between superconductivity and a magnetic s
with relatively large ordered magnetic moments. UPd2Al3
was found to exhibit a simple antiferromagnetic structu
@wave vectorqW 5(0,0,1/2)] below TN;14.5 K and static
magnetic moments of U lying in the basal plane.59 The
neutron-scattering data are consistent with an ordered m
netic momentMt;0.85mB , reduced compared to the effec
tive moment obtained from the high-temperature suscept
ity, but exceeding by up to two orders of magnitude the sm
moments found, for example, in UPt3. Hence, in contrast to
UPt3, a picture of local-moment magnetism seems to
scribe the magnetic state in UPd2Al3. Surprisingly, this
large-moment magnetism was found to coexist with hea
fermion superconductivity exhibiting the highestTc reported
to date for this class of materials.

The electronic structure and Fermi surface of the antif
romagnetic UPd2Al3 were calculated using the LSDA in
Refs. 60–62. The calculated magnetic moment was in g
agreement with experiment, as was the calculated magn
crystalline anisotropy. The calculations reveal the importa
of hybridization of the U 5f states with the valence states
Pd and Al even though this hybridization appears to be ra
weak and to influence only a restricted energy interval in
U 5 f bands. The calculated dHvA frequencies are found
be in good agreement with the experimental data. Howe
the observed heavy masses cannot be obtained within
LSDA.62

The measured~in Ref. 63! x-ray photoemission and
bremsstrahlung isochromat spectra of UPd2Al3 are well re-
produced by the LSDA calculated U 5f density of states. On
the other hand, the resonance photoemission spectr
UPd2Al3 do not match the calculated U 5f DOS in shape or
position, while the calculated Pd 4d DOS matches very wel
with the off-resonance spectrum.64

The superconducting and magnetic properties of UNi2Al3
are not so well documented compared to those of UPd2Al3
owing to the difficulties of preparing good single crystals10

UNi2Al3 undergoes transitions to antiferromagnetism atTN
;4.6 K and to superconductivity atTC;1.2 K.58 Muon spin
rotation experiments65 on polycrystalline UNi2Al3 showed
evidence for antiferromagnetism with an ordered momen
the order of 0.1mB . Elastic neutron scattering from a single
6-6
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ELECTRONIC STRUCTURE AND X-RAY . . . . III. . . . PHYSICAL REVIEW B68, 214426 ~2003!
crystal sample of UNi2Al3 has revealed the onset of long
range magnetic order belowTN54.6 K.66 The order is char-

acterized by wave vector of the form (1
2 6t,0,12 ), with t

50.11060.0003, indicating an incommensurate magne
structure within the basal plane, which is simply stacked
tiferromagnetically along c to form the full three-
dimensional magnetic structure. The maximum amplitude
the ordered moment is estimated to be (0.2160.10)mB .

A. Band structure

UPd2Al3 and UPd2Al3 crystallize in a rather simple hex
agonal structureP6/mmm (D6h

1 , PrNi2Al3-type structure!
with lattice constant a55.365 Å, and c/a54.186 for
UPd2Al3 anda55.207 Å andc/a54.018 for UNi2Al3.

The fully relativistic spin-polarized LSDA energy ban
structures and total DOS’s of the antiferromagnetic UPd2Al3
and UNi2Al3 are shown in Fig. 8. The results of our ban
structure calculations of UPd2Al3 are in good agreemen
with previous calculations of Sandratskiiet al.61 Al 3s states
are located mostly at the bottom of the valence band in
29.7 to 25 eV energy interval. Al 3p states occupy the
wide energy range from26 to 11 eV hybridized strongly
with Pd 4d, U 6d, and U 5f valence states. Pd 4d states are
almost fully occupied and situated below Fermi level in t
25 to 22.5 eV range. The magnetic moment at the Pd s
therefore, is extremely small. U 6d states are strongly hy
bridized with Pd 4d as well as Al 3p states. The characte
istic feature of the LSDA band structure is a narrow peak
U 5 f 5/2 states situated just at the Fermi levelEF . U 5f 7/2
states are split off by strong spin-orbit coupling and fo
another narrow peak 1.2 eV aboveEF . Because Pd 4d states
are located far below the Fermi level, there is a rather w
U 5 f —Pd 4d hybridization. We should mention, howeve
that this hybridization is of primary importance and infl

FIG. 8. The self-consistent fully relativistic, spin-polarized e
ergy band structure and total DOS@in states/~unit cell eV!# of
UPd2Al3 and UNi2Al3 calculated in the LSDA.
21442
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ences greatly the form and width of the 5f peaks~the analy-
sis of the hybridization effects in UPd2Al3 are presented in
Ref. 61!.

In agreement with experiment59 we found the basal plane
of the hexagonal structure to be the plane of easy magn
zation in UPd2Al3. The magnetic structures with magnet
moments lying in thexy plane possess lower energy tha
those with atomic moments along thez axis. A rotation of the
magnetic moment within thexy plane does not noticeabl
change the energy of the configuration as well as the valu
the spin and orbital magnetic moments.

Our calculations, unfortunately, yield for the total ener
of the in-plane ferromagnetic structure a slightly lower val
than for the energy of the corresponding antiferromagn
structure, although the difference of the total energy of
ferromagnetic and antiferromagnetic in-plane solutions
very small, about 9 meV per formula unit, and is close to
accuracy limit of our LMTO-LSDA calculations. This dis
agrees with experiment, which shows the ground-state m
netic structure to be antiferromagnetic.59 The same results
were obtained by Sandratskiiet al. in Ref. 61.

The energy band structures of UNi2Al3 and UPd2Al3 are
very similar ~Fig. 8!. The major difference is in the energ
location and width of the transition-metal bands. Due to le
spatial expansion of Ni 3d wave functions compared to P
4d wave functions the Ni 3d energy band is 1.5 times na
rower than the corresponding 4d band in UPd2Al3. The Ni
3d energy band is situated in the23 to 21.2 eV energy
interval. Due to a shift of the Ni 3d band toward the Ferm
level, the U 5f —Ni 3d hybridization in UNi2Al3 is in-
creased in comparison with the U 5f —Pd 4d hybridization
in UPd2Al3. A stronger interaction between 5f and conduc-
tion electrons when replacing Pd by Ni is manifested in
shift toward higher temperatures of the maxima of both
resistivity and the susceptibility together with the decrease
the magnetic ordering temperatureTN , the superconductivity
temperatureTC , the antiferromagnetic moment, and th
smaller entropy change atTN .10

Figure 9 showsmj projected 5f 5/2 density of states in
UPd2Al3 calculated in the LSDA and LSDA1U. We per-
formed two LSDA1U band-structure calculations. In th
first calculation we usedU5J50.5 eV, which givesUeff
50 @the so-called LSDA1U(OP)]. In the second oneU
52.0 eV andJ50.5 eV. The LSDA approximation place
the 5f 5/2 density of states in close vicinity of the Fermi lev
at 20.5 to 0.5 eV with strong hybridization between stat
with different mj . The Coulomb repulsionUeff strongly in-
fluences the electronic structure of UPd2Al3 and UNi2Al3. In
the Hartree-Fock like LSDA1U solution with nonspherica
corrections to Coulomb matrix elements, three particu
5 f 5/2 states (mj525/2, mj523/2, andmj521/2) are al-
most completely occupied producing the 5f 3 configuration
for U in UPd2Al3 and UNi2Al3.

Table I lists the calculated spinMs , orbital Ml , and total
Mt magnetic moments~in mB) as well as the ratioMl /Ms in
UPd2Al3 and UNi2Al3. Our LSDA results are in good agree
ment with previous LSDA calculations.61 Surprisingly,
LSDA calculations produce thetotal magnetic moments in
6-7
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A. N. YARESKO et al. PHYSICAL REVIEW B 68, 214426 ~2003!
UPd2Al3 and UNi2Al3 in good agreement with the exper
mental data. On the other hand, the LSDA calculatio
strongly underestimate the ratioMl /Ms ~especially in
UNi2Al3) due to the underestimation of the orbital mome
by LSDA-based computational methods. The ratioMl /Ms in
the LSDA1U(OP) calculations is in reasonable agreem
with the experimental data for both compounds.

B. XMCD spectra

Figure 10 shows the calculated XMCD spectra in t
LSDA, LSDA1U(OP), and LSDA1U for UPd2Al3 to-

FIG. 9. The partial 5f 5/2 density of states~in states/atom eV! in
UPd2Al3.

TABLE I. The experimental and calculated spinMs , orbital
Ml , and totalMt magnetic moments at uranium site~in mB) of
UPd2Al3 and UNi2Al3. The magnetic moments calculated for ea
magnetic axes, namely, hexagonal plane in UPd2Al3 andc axis in
UNi2Al3.

Compound Method Ms Ml Mt 2Ml /Ms

UPd2Al3 LSDA 21.38 2.22 0.84 1.61
LSDA ~Ref. 61! 21.62 2.49 0.87 1.54
LSDA1U(OP) 21.59 3.73 2.14 2.34

LSDA1U 21.92 4.61 2.69 2.40
Expt. ~Ref. 59! 0.85
Expt. ~Ref. 10! 2.01

Expt.11 1.91

UNi2Al3 LSDA 20.47 0.54 0.07 1.15
LSDA1U(OP) 21.22 2.90 1.68 2.38

LSDA1U 21.74 4.46 2.72 2.56
Expt. ~Ref. 59! 0.2
Expt. ~Ref. 10! 2.49
21442
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gether with the corresponding experimental data.11 The over-
all shapes of the calculated and experimental uraniumM4,5
XMCD spectra correspond well to each other. The ma
discrepancy between the calculated and experimental XM
spectra is the size of theM4 XMCD peak. The LSDA theory
produces much smaller intensity for the XMCD spectrum
the M4 edge in comparison with experiment and simul
neously strongly overestimates the negative peak at theM5
edge. On the other hand, the LSDA1U(OP) produces an
excellent agreement in the shape and intensity of the XM
spectra both at theM4 andM5 edges. The LSDA1U calcu-
lations withU52.0 eV slightly overestimate the intensity o
the dichroic signal at theM4 edge and produce a larger neg
tive peak and smaller positive one at theM5 edge.

Figure 10 shows also the XMCD spectra for UNi2Al3.
The experimental data exist only for theM4 edge in this
compound.10 For the LSDA calculations the theory produc
a smaller intensity of the XMCD spectrum at theM4 edge in
comparison with the experiment. On the other hand, the
tensity of the experimentally measuredM4 XMCD spectrum
is in between the results obtained by LSDA1U(OP) and
LSDA1U.

VI. UBe13

The system UBe13 was the first U-based heavy-fermio
superconductor discovered67 and, similar to UPt3, it shows
peculiar properties, pointing to an unconventional superc
ducting order parameter. UBe13 is certainly the most anoma
lous of the heavy-fermion superconductors.

The specific heat in UBe13 is very weakly dependent upo
magnetic field and highly sensitive to pressure.68 The low-
temperature value of the electronic specific-heat coefficieng
is of the order of 1000 mJ mol21 K22, corresponding to an

FIG. 10. The XMCD spectra of UPd2Al3 and UNi2Al3 at the
uranium M4,5 edges calculated in LSDA and LSDA1U. Experi-
mental spectra for UPd2Al3 ~Ref. 11! were measured in a magnet
field of 5 T and 35 K. The experimental data for the UM4 XMCD
spectrum of UNi2Al3 is from Ref. 10.~U M4 spectra are shifted by
295 eV to include them in the figure!.
6-8
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effective mass of several hundred free-electron masses.
magnetic susceptibility is weakly pressure dependent in c
parison with the specific heat and under pressure has a c
pletely different temperature dependence.69 Doping on the U
sublattice which drives away the specific-heat anom
leaves the low-temperature susceptibility essentially
changed. The magnetization is linear in fields up to 20 T68

The dynamic magnetic susceptibility reveals no sign
cant structure on the scale of 1 meV, as is evidenced inC/T
and instead shows a broad ‘‘quasielastic’’ response on
scale of 15 meV as evidenced in both neutron scattering
Raman spectra. Concomitant with the peak inx9 is a
Schottky anomaly in the specific heat, suggesting that the
meV peak represents highly damped crystal-field levels
which further evidence appears in the nuclear-magnetic
laxation of the 9Be sites. This dynamic susceptibility pea
integrates to give 80% of the static susceptibility up to
experimental cutoff. This places a stringent bound on a
hypothetical moment-carrying state in the low-frequency
gion; given a 10 K Kondo scale to explain the residual s
ceptibility the effective squared moment must be less t
0.25mB , which would appear to rule out an interpretation
terms of a 5f 3G6 ground state.68

There are several different interpretations of these exp
mental data in literature. Miranda and co-workers sugges
the non-Fermi-liquid~NFL! behavior of UBe13 could be
driven by disorder.70 Cox proposed, based on symmet
grounds, that the NFL behavior can be explained by the t
channel Kondo model description.71 More recently, Anders
et al. tackled the problem for the corresponding latti
model.72 They also performed a calculation of the optic
properties within such a two-channel Anderson lattice mo
for which the suppression of the low-frequency Drude co
ponent and the development of a mid-infrared absorption
the excitation spectrum at low temperatures have b
suggested.72

One framework for describing the low-temperature pro
erties of UBe13 characterizes the material’s behavior in term
of its energy scales. Whereas common metals may be c
acterized by a single energy scale~the Fermi energy!, UBe13
appears to require several. One may consider four en
scales:68 a crystal-field splitting of 150–189 K, a Kondo tem
perature of about 25 K, a spin-fluctuation temperature
about 2 K, and the superconducting transition temperatur
about 0.8 K.

The energy band structure and Fermi surface of UB13
have been investigated in Refs. 73–76 in a frame of
LSDA. It was shown76 that the hybridization between the
5 f states and the Be 2p states occurs in the vicinity of th
Fermi level. The sheets of the Fermi surface are all sma
size and closed in topology. The cyclotron effective ma
calculated for the dHvA branches in the three symmetry
rections varies from 1.08m0 to 4.18m0. The theoretical elec-
tronic specific-heat coefficientgband

LDA is 13.0 mJ/K2 mol.76

The theoretical results for the electronic specific-heat coe
cient are much less than the experimental ones, suggest
large enhancement due to many-body effects. This disag
ment between theory and experiment might be ascribe
the enhancements due to the electron correlations and/o
21442
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electron-phonon interaction which the LSDA fails to ta
into account.

A. Band structure

UBe13 crystallizes in the NaZn13-type fcc structure with
the space group Oh

6-Fm3c ~No 226! and contains 28 atom
per unit cell. There are two distinct Be sites, Be1 and Be2,
with the 24 Be2 sites having a very low site symmetry~only
a mirror plane!. The U atoms are surrounded by cages of
Be2 atoms ~Fig. 11! at the distance of 3.02 Å. Eight Be1
atoms are separated from the U atom by 4.443 Å. This
sures that the U atoms are widely separated. The U at
form a simple cubic sublattice with a large U-U neare
neighbor distance ofa/255.13 Å, which guarantees that th
f -f overlap is negligible. Therefore, all broadening of the
5 f states into bands results entirely from hybridization w
the conduction bands, rather than partially from directf -f
overlap, as occurs in many U compounds.

Self-consistent LSDA calculations produce a nonmagn
ground state in UBe13. To calculate the electronic structur
and XMCD spectra of UBe13 in the LSDA, the term 2mBBW

•sW which couples the spin of an electron to the external m
netic field was added to the Hamiltonian at the variatio
step. The fully relativistic spin-polarized LSDA energy ban
structure and total DOS of UBe13 is shown in Fig. 12 calcu-
lated in an external magnetic field of 20 T. The occupied p
of the valence band is formed predominantly by Be 2s and
2p states. U 5f 5/2 states are situated just at the Fermi lev
1.0 eV above the top of Be 2p states. U 5f 7/2 states are split
off by strong SO coupling and form another narrow peak
eV aboveEF . Be 2s states are located mostly at the botto
of the valence band. Be 2p states are strongly hybridize
with U 6d states in the26 to 21 eV energy interval. On the
other hand, there is quite large U 5f –Be 2p hybridization in
vicinity of the Fermi level in the20.6 to 1.4 eV energy
range. Although every individual Be atom produces a qu
small 2p partial density of states, due to the large number
Be atoms they sum up to a 2p DOS comparable in intensity
with the U 5f DOS ~Fig. 12!.

Figure 12 also shows the band structure of UBe13 calcu-
lated in the LSDA1U with U52.0 eV andJ50.5 eV. Par-
tially occupied U 5f 5/2 states split due to the Coulomb repu
sion and the LSDA1U calculations give a solution with

FIG. 11. Crystal structure of UBe13.
6-9
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three localized 5f electrons. These localized 5f states form a
rather narrow peak at 0.6 eV belowEF . U 5f states just
above the Fermi level are formed by the remaining 5f 5/2
states whereas the peak of 5f 7/2 states is pushed from it
LSDA position at 1.2 eV aboveEF to 2.2 eV.

Figure 13 showsmj projected 5f 5/2 and total 5f 7/2 density
of states in UBe13 calculated in the LSDA and LSDA1U.
We performed two LSDA1U band-structure calculation
both with U52.0 eV andJ50.5 eV. In the first calculation
we used the LSDA1U method with nonspherical correc

FIG. 12. The energy band structure and total density of state~in
states/unit cell eV! in UBe13 calculated in the LSDA and LSDA
1U.

FIG. 13. Themj projected 5f 5/2 and total 5f 5/2 density of states
in UBe13 calculated in the LSDA and LSDA1U.
21442
tions to the Coulomb matrix elements.18 The effect of a less
asymmetric density of localized 5f electrons can be simu
lated by replacing the matrix elementsUmmm8m8 and
Jmm8m8m by averaged CoulombU and exchangeJ integrals,
respectively, and setting all other matrix elements to zer18

In the nonrelativistic limit this would correspond, except f
the approximation to the double counting term, to the ori
nal version of the LSDA1U method proposed in Ref. 77. I
this case all unoccupied U 5f electrons independent of the
angular momentum experience the same Coulomb repul
as the localized ones. In the Hartree-Fock-like LSDA1U
solution with nonsphercial corrections to the Coulomb m
trix elements three particular 5f 5/2 states (mj525/2, mj5
23/2, andmj521/2) are occupied which leads to~i! large
spin (21.95mB) and orbital (4.47mB) magnetic moments o
the U atom and~ii ! strongly anisotropic Coulomb interactio
of the remaining 5f electrons with the occupied ones. In th
calculations using the LSDA1U method with spherically
averagedU andJ an unoccupied U 5f electron state feels a
much more isotropic repulsive potential and is situated clo
to the Fermi energy. This gives smaller magnetic mome
~spin moment is equal to21.82mB and orbital moment
4.08mB) in comparison with the nonsphercial solution. Th
5 f 5/2 states withmj521/2 became partly empty for the ca
culations with spherically averagedU and J and the main
peak of N21/2 DOS is situated just above the Fermi lev
~Fig. 13!.

The three calculations presented in Fig. 13 produce ra
different energy locations for the empty 5f states. The prin-
cipal question of the energy position of the empty 5f states is
usually answered by bremsstrahlung isochromat spect
copy ~BIS! measurements. Figure 14 shows the experime
BIS spectrum of UBe13 ~Ref. 78! compared with the calcu
lated energy distribution for the unoccupied partial Uf
density of states in the LSDA and LSDA1U. The LSDA
places empty 5f states too close to the Fermi level~Fig. 14!.
The LSDA1U calculations with nonspherical solution plac
the maximum of empty 5f states more than 1 eV higher tha
the experiment. The LSDA1U calculations with spherically
averagedU andJ give the correct position of empty 5f states
within the experimental resolution~Fig. 14!. The main peak

FIG. 14. Comparison of the calculated U partial 5f DOS in the
LSDA ~dotted line! and LSDA1U with the experimental BIS spec
trum ~circles! of UBe13 ~Ref. 78!. Dashed line presents DOS calcu
lated with nonspherical correction to Coulomb matrix eleme
whereas full line is calculated with averagedU andJ.
6-10
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ELECTRONIC STRUCTURE AND X-RAY . . . . III. . . . PHYSICAL REVIEW B68, 214426 ~2003!
in the BIS spectrum is derived from the U 5f 7/2 states, while
the low-energy shoulder split off from the main peak is fro
the 5f 5/2 states.

B. XMCD spectra

Figure 15 shows the UBe13 x-ray isotropic absorption and
XMCD spectra calculated in the LSDA and LSDA1U to-
gether with the experimental data.9 The LSDA calculations
produce much smaller intensity of the XMCD spectrum
the M4 edge in comparison with the experiment and sim
taneously give larger dichroic signal for the negative pe
and do not produce the positive shoulder at theM5 edge
~Fig. 15!. On the other hand, the LSDA1U calculations im-
prove the agreement between the theory and the experim
in the shape and intensity of XMCD spectra both at theM4
and M5 edges. The LSDA1U method with nonspherica
corrections to the Coulomb matrix elements slightly over
timates the dichroic signal at theM4 edge, underestimate
the intensity of the positive peak, and strongly overestima
the negative peak at theM5 edge. The LSDA1U calcula-
tions with averagedU andJ give a correct value of the pos
tive peak at theM5 edge and the negative peak at theM4 one
but still overestimate the intensity of the negative peak at
M5 edge.

UBe13 is unlike the other heavy-fermion compounds,
that the better description of its XMCD and BIS spectra
quires spherically averagedU and J values. The physica
reason for this is not clear, however there are some ind
tions from the calculations. Comparing the orbital resolv
5 f 5/2 DOS’s shown in Fig. 13 one can see that in t
LSDA1U solution with nonspherical corrections to th
Coulomb matrix elements three particular 5f 5/2 states (mj
525/2, mj523/2, and mj521/2) are fully occupied,
which leads to a pure 5f 3 configuration. The calculation
using the spherically averagedU andJ values give a solution

FIG. 15. Isotropic absorption and XMCD spectra of UBe13 at
the uraniumM4,5 edges calculated in the LSDA~dotted lines! and
LSDA1U. The dashed line presents XMCD spectra calcula
with nonspherical corrections to Coulomb matrix elements wher
the full line results are calculated with averagedU and J. Experi-
mental spectra~Ref. 9! ~circles! were measured at 12 K and in
magnetic field of 5 T~the U M4 spectrum is shifted by295 eV to
include it in the figure!.
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with partly emptymj521/2 states with the main peak of th
N21/2 DOS very close to the Fermi level~Fig. 13!. This is the
typical situation for a system with mixed valence.79,80 One
should mention that the LSDA1U method which combines
LSDA with a basically static, i.e., Hartree-Fock-like, mea
field approximation for a multiband Anderson lattice mod
does not contain true many-body physics and cannot t
systems with mixed valence properly. The evaluation of
electronic structure of UBe13 needs further theoretical inves
tigations.

VII. SUMMARY

We have studied by means of anab initio fully relativistic
spin-polarized Dirac LMTO method the electronic structu
and the x-ray magnetic circular dichroism in UFe2 , UXAl
(X5Co, Rh, and Pt!, and heavy-fermion compounds UPt3 ,
URu2Si2 , UPd2Al3 , UNi2Al3, and UBe13.

The LSDA calculations fail to produce the correct val
of the orbital moment in most uranium compounds beca
in LSDA the Kohn-Sham equation is described by a lo
potential including the spin-dependent electron density
neglecting the electric current, which describesMl . The
LSDA1U improves greatly the agreement between
theory and the experiment in the description of the magn
moments in UFe2 and UXAl ( X5Co, Rh, and Pt!. The very
small value of U magnetic moments in UPt3 , UPd3, and
UBe13 have not been produced by any kind of approxim
tion, which emphasizes the importance of subtle many-b
effects responsible for the magnetic-moment formation
these compounds. These findings illustrate that not ev
thing about the electronic structure of heavy-fermion co
pounds can be explained with the approximations con
ered.

The overall shapes of the calculated and experimental
nium M4,5 XMCD spectra correspond well to each other. T
major discrepancy between the calculated and experime
XMCD spectra is the size of theM4 XMCD peak. The
LSDA theory produces usually much smaller intensity f
the XMCD spectrum at theM4 edge in comparison with the
experiment and simultaneously gives inappropriate dichr
signal strength at theM5 edge. It fails to produce a correc
intensity of dichroic signal at theM4 edge even in UFe2
which is widely believed to have itinerant 5f electrons. As
the integrated XMCD signal is proportional to the orbit
moment this discrepancy could be related rather to an un
estimation of the orbital moment by LSDA-based compu
tional methods rather than to a failure in the description
the energy band structure of the itinerant 5f systems. The
LSDA1U gives much better agreement in the shape a
intensity of the XMCD spectra both at theM4 andM5 edges
in uranium compounds.

Concerning the best description of line shape and int
sity of the XMCD spectra, the investigated metallic uraniu
compounds fall into two groups according to the type of t
LSDA1U method used. The LSDA1U(OP) (Ueff50) bet-
ter describes the XMCD spectra in UFe2 , UXAl ( X5Co,
Rh, and Pt!, UPd2Al3, and UNi2Al3 compounds. But the
XMCD spectra of UPt3 , URu2Si2, and UBe13 are better de-
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scribed by the LSDA1U method with U52.0 eV andJ
50.5 eV. It might be concluded to some extent that the
three compounds have a larger degree of localization t
the compounds from the first group.
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