
PHYSICAL REVIEW B 68, 214424 ~2003!
Electronic structure and x-ray magnetic circular dichroism in uranium compounds. I. UFe2
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The electronic structure, magneto-optical and x-ray magnetic circular dichroism~XMCD! spectra of UFe2
were 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 LSDA1U method which takes into account the nondiagonal occupation
matrix ~in spin indexes! of localized electrons. The origin of the Kerr rotation and XMCD spectra in the
compound is examined.
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I. INTRODUCTION

Uranium compounds exhibit a rich variety of properties
a large extent because of the complex behavior of theirf
electrons. The 5f states in U are intermediate between t
itinerant 3d electrons in transition metals and the localiz
4 f electrons in rare-earth compounds. The determination
the electronic structure of U compounds is a challenging t
because in many of them the width of the 5f bands, their
spin-orbit splitting, and the on-site Coulomb repulsion in t
partially filled 5f shell are of the same order of magnitu
and should be taken into account on the same footing. In
est in uranium compounds has recently been renewed, e
cially after the discovery of such unusual effects as he
fermion superconductivity and the coexistence of superc
ductivity and magnetism.

UFe2 is one of the actinide compounds that has been
tensively studied for several decades.1–6 Below 160 K UFe2
is a ferromagnet with a low magnetic anisotropy similar
that of pure iron. Interest in this compound arises from
fact that the total moment on the uranium site is very sm
as was first deduced from neutron-diffraction experiments7,8

Evidence for strong hybridization between the U 5f and Fe
3d electrons in UFe2 was first theoretically provided by spin
polarized band-structure calculations performed by Bro
et al. in Ref. 9. They predicted that one consequence of
hybridization would be a reduction, as compared to the fr
ion value in the orbital moment of uranium. Using polariz
neutrons and elastic scattering Wulffet al.10 and Lebech
et al.11 showed that this was, in fact, the case. The orbital a
spin moments are both of about 0.25mB , but they are oppo-
sitely directed, and hence the net moment, which is the s
of the orbital and spin contributions, on the U site is close
zero. The neutron experiments10,11on single crystals of UFe2
also showed that the Fe moment is (0.6060.03)mB , a sub-
stantial reduction from the 2.2mB of pure Fe. Recently12 the
spin and orbital moments on the uranium site in UFe2 have
been deduced from x-ray magnetic circular dichroi
~XMCD! data by using sum rules. It was found thatML
50.21mB and MS520.20mB in agreement with the result
0163-1829/2003/68~21!/214424~11!/$20.00 68 2144
of
k

r-
pe-
y
n-

-

e
ll

s
e
-

d

m
o

given by polarized neutron scattering.11 Spin moments were
also derived from the magnetic-Compton profile of UFe2 in
Ref. 13, and found to be equal to20.20mB and 0.52mB at U
and Fe sites, respectively. UFe2 was also studied by means o
photoelectron spectroscopy which showed a pronoun
structure at the Fermi level that extends some 2–3 eV be
EF and originates from U 5f states.14,15

In order to examine how the hybridization betweenf
electrons of uranium and the 3d electrons of iron affects the
magnetic exchange parameters and spin-wave spectra,
surements of spin dynamics in UFe2 were performed in Refs
16,17. There are two important results emerging from th
measurements. The first is the large Fe-Fe exchange pa
eterJFe-Fe~or equivalently the large spin-wave stiffness co
stant! deduced from the Fe spin-wave model. It is actua
unprecedented that diluting Fe results in a larger Fe-Fe
change. The increase inJFe-Fe must surely come from the
5 f -3d interaction. The second point is the absence of a
scattering involving the uranium spins. The absence of
particular, the acoustic U mode was attributed to the t
dency of magnetic response of the 5f states to spread ove
(v,q) space because of hybridization with the 3d electrons
of iron.16

Paolasiniet al.18 measured the phonon-dispersion curv
in YFe2 , UFe2, and CeFe2 Laves phases by inelastic neutro
scattering. The phonon-dispersion curves and the genera
phonon densities of states were evaluated by a Born–
Karman model. Many differences in the phonon spectr
are found in UFe2 with respect to the isostructuralREFe2
compounds (RE5rare earth!. Compared to the expectatio
based on the knowledge of otherREFe2 compounds, the
Fe-Fe and U–Fe longitudinal force constants exhibit a la
increase in UFe2, whereas the U-U longitudinal force con
stants are substantially reduced. Furthermore, the Fe
transverse force constants in UFe2 are negative, wherea
these parameters are usually near to positive and small in
Laves phases.18 Normally a negative force constant indicat
an incipient structural instability, but this is prevented
other interactions. It is tempting to ascribe these dram
changes in the UFe2 force constants, compared to those
the other materials, to electronic interactions. Such inter
©2003 The American Physical Society24-1
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tions, arising presumably from the hybridization of U 5f and
Fe 3d itinerant electrons, may also be responsible for
large magnetoelastic interactions found in UFe2.3

The experimental measurements of the magneto-op
~MO! properties of UFe2 were recently reported by Kucer
et al.19 Oppeneeret al.calculated the MO spectra of UFe2 in
the local spin-density approximation~LSDA!.20 The experi-
mentally measured spectra appeared later, therefore thei
culations can be considered as a prediction. The calculat
have been made for both the~001! and ~111! directions of
magnetic field, and quite small magnetocrystalline anis
ropy in the Kerr spectrum of UFe2 were obtained. This migh
be related to the cubic crystal symmetry and, possibly, als
the small U moment.20 The calculations included only inter
band transitions, as a result, a deep minimum in the K
rotation spectrum in the 0 to 1.5 eV energy range was
tained, which is not observed in the experimental spectrum19

The x-ray magnetic circular dichroism technique dev
oped in recent years has evolved into a powerful magnet
etry tool to separate orbital and spin contributions to elem
specific magnetic moments. X-ray magnetic circular dich
ism experiments consist of measuring the absorption o
rays with opposite~left and right! states of circular polariza
tion. Study of the 5f electron shell in uranium compounds
usually performed by tuning the energy of the x ray close
the M4,5 edges of uranium~located at 3552 and 3728 eV
respectively! where electronic dipole transitions betwe
3d3/2,5/2 and 5f 5/2,7/2 states occur. Recently XMCD measur
ments have been successfully performed for uranium c
pounds such as US,21,22 USb0.5Te0.5,23 UxLa12xS,24 UBe13
and UPt3,25 UFe2,12,26 UNi2Al3,27 UPd2Al3 and URu2Si2,28

URhAl,29 UCoAl and UPtAl.30 There are some features
common for all the uranium compounds investigated up
now. First, the dichroism at theM4 edge is much larger
sometimes one order of magnitude larger, than at theM5
one. Second, the dichroism at theM4 edge has a single nega
tive lobe that has no distinct structure, on the other hand,
lobes, a positive and a negative one, are observed at theM5
edge. Concerning the line shape of the XMCD signal,
investigated metallic uranium compounds fall into two typ
according to the relative intensity of the positive and ne
tive lobes observed at theM5 edge. The two lobes hav
almost equal intensity for UP3, UPd2Al3, UPtAl, and
UBe13. On the other hand, the positive lobe is smaller
comparison with the negative one for US, USb0.5Te0.5,
UFe2 , URu2Si2, UCoAl, and URhAl.

With the above as background, we have performed ca
lations to evaluate the XMCD properties for a number
uranium ferromagnetic materials. Besides the inherent in
est in the materials studied, the use of similar methods
study materials with different degrees of localized U 5f elec-
tronic states helps to establish the limitations of the LS
approach and to identify where techniques like the LSD
1U method are needed. We have divided the work into th
papers, with this paper I, concentrating on the description
the methods and the results for the UFe2. This compound, as
widely believed, belongs to the class of uranium compou
with itinerant 5f electrons. Paper II deals with UTAl ( T
5Co, Rh, or Pt! intermetallics. Paper III is devoted to th
21442
e

al

al-
ns

t-

to

rr
-

-
-

nt
-
x

o

-

o

o

e
s
-

u-
f
r-
to

e
f

s

electronic structure and XMCD spectra of some hea
fermion uranium compounds UPt3 , URu2Si2 , UPd2Al3 ,
UNi2Al3, and UBe13. We use both the LSDA and LSDA
1U approaches to assess the sensitivity of the XMCD
sults to different treatments of the correlated electrons.

The comparison between experiment and theory provi
insight into the nature of the 5f electrons and offers som
evaluation of the suitability of several electronic structu
methods for treating 5f electrons. In a few cases it is clea
that more sophisticated many-body approaches are need
satisfactory quantitative agreement is to be achieved.

This paper is organized as follows. Section II present
description of the crystal structure of UFe2 and the compu-
tational details. Section III is devoted to the electronic stru
ture, MO and XMCD properties of UFe2 calculated in the
LSDA and LSDA1U approximations. The MO and XMCD
theoretical calculations are compared to the experime
measurements. Finally, the results are summarized in Sec

II. CRYSTAL STRUCTURE AND COMPUTATIONAL
DETAILS

UFe2 crystallizes in the cubic face-centeredOh
7 Laves

phase (Fd3m space group! with eight formula units per unit
cell. Six atoms are required to specify the primitive ce
which contains only two inequivalent sites: four Fe atom
(16d positions! form a tetrahedral sublattice whereas two
atoms (8a positions! form the characteristic diamond subla
tice. The nearest Fe-Fe distance in this structure (;2.5 Å
with coordination number 6! is actually shorter than found in
pure iron~2.8 Å with coordination number 8!. The U-U sepa-
ration in UFe2 is also rather small~3.05 Å!.

We now turn to a description of the magneto-optical
fects, which refer to various changes in the polarization s
of light upon interaction with materials possessing a
magnetic moment, including rotation of the plane of linea
polarized light~Faraday, Kerr rotation!, and the complemen
tary differential absorption of left and right circularly pola
ized light ~circular dichroism!. In the near visible spectra
range these effects result from excitation of electrons in
conduction band. Near x-ray-absorption edges, or re
nances, magneto-optical effects can be enhanced by tra
tions from well-defined atomic core levels to valence sta
selected by transition matrix element symmetry. There ar
least two alternative formalisms for describing reson
x-ray MO properties. One approach uses the classical die
tric tensor.31 Another one uses the resonant atomic scatter
factor including charge and magnetic contributions.32,33 The
equivalence of these two description~within the dipole ap-
proximation! is demonstrated in Ref. 34.

For the polar Kerr magnetization geometry and a crys
of tetragonal symmetry, where both the fourfold axis and
magnetizationM are perpendicular to the sample surface a
the z axis is chosen to be parallel to them, the dielect
tensor is composed of the diagonal«xx and «zz, and the
off-diagonal«xy components and has the form
4-2
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«5S «xx «xy 0

2«xy «xx 0

0 0 «zz

D . ~1!

In the polar geometry the expression for the complex K
angle can be easily obtained for small angles and is gi
by35

uK~v!1 i«K~v!52sxy~v!/D~v!, ~2!

where

D~v!5sxx~v!A11
4p i

v
sxx~v!, ~3!

with uK being the Kerr rotation and«K being the so-called
Kerr ellipticity. sab (a,b[x,y,z) is the optical conductivity
tensor, which is related to the dielectric tensor«ab through

«ab~v!5dab1
4p i

v
sab~v!. ~4!

Using straightforward symmetry considerations it can
shown that all magneto-optical phenomena~XMCD, MO
Kerr, and Faraday effects! are caused by the symmetry r
duction, in comparison to the paramagnetic state, cause
magnetic ordering.36 This symmetry lowering has conse
quences only when spin-orbit~SO! coupling is considered in
addition. Therefore, in order to calculate the XMCD prop
ties one has to account for both magnetism and SO coup
at the same time when dealing with the electronic struct
of the material considered. Theoretical descriptions of m
netic dichroism can be cast into four categories. On o
hand, there are one-particle~ground-state! and many-body
~excited-state! theories; on the other hand, there are theor
for single atoms and those which take into account the s
state. To name a few from each category, for atomic o
particle theories we refer to Refs. 37 and 38, for atom
many-particle multiplet theory to Refs. 39–42, for man
particle theories for solids to Ref. 43, and for one-parti
theories~photoelectron diffraction! for solids to Refs. 44–
47. A multiple-scattering approach to XMCD, a solid-sta
one-particle theory, has been proposed by Ebertet al.48–50

and Tamuraet al.51

Within the one-particle approximation, the absorption c
efficient m for incident x rays of polarizationl and photon
energy\v can be determined as the probability of electr
transitions from an initial core state~with wave functionc j
and energyEj ) to a final unoccupied state~with wave func-
tions cnk and energyEnk)

m j
l~v!5(

nk
u^CnkuJluC j&u2d~Enk2Ej2\v!u~Enk2EF!,

~5!

with Jl52eaal being the dipole electron-photon intera
tion operator, wherea are Dirac matrices,al is thel polar-
ization unit vector of the photon vector potential@a6

51/A2(1,6 i ,0),az5(0,0,1)#. ~Here 1/2 denotes, respec
21442
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tively, left and right circular photon polarizations with re
spect to the magnetization direction in the solid!.

While the XMCD spectrum is calculated using Eq.~5!,
some of its features can be understood already from a s
plified expression for paramagnetic solids. By restricti
oneself to electric dipole transitions, performing the integ
tion only inside atomic spheres~due to the highly localized
core sates!, and averaging with respect to the polarization
the light, one obtains the following expression for the a
sorption coefficient of the core level with (l , j ) quantum
numbers,52

m l j
0 ~v!5 (

l 8, j 8

2 j 11

4 S d l 8,l 11d j 8, j 11

j 11
1

d l 8,l 21d j 8, j 21

j

1
d l 8,l 11d j 8, j

j ~ j 11!~2 j 11! DNl 8, j 8~E!Cl , j
l 8, j 8~E!, ~6!

whereNl 8, j 8(E) is the partial density of the empty states a

Cl , j
l 8, j 8(E) the radial matrix elements.52

In order to simplify the comparison of the theoretic
x-ray isotropic absorptionM4,5 spectra of UFe2 to the experi-
mental ones we take into account the background inten
which affects the high-energy part of the spectra. The sh
of x-ray absorption caused by the transitions from inner l
els to the continuum of unoccupied levels was first discus
by Richtmyer et al. in the early thirties.53 The absorption
coefficient with the assumption of equally distributed emp
continuum levels is

m~v!5
CGc

2p E
Ec f0

` dEc f

~Gc/2!21~\v2Ec f!
2

, ~7!

where Ec f5Ec2Ef , Ec , and Gc are the energy and th
width of a core level,Ef is the energy of empty continuum
levels,Ef 0

is the energy of the lowest continuum level, and
is a normalization constant which has been used as an
justable parameter.

The intrinsic broadening mechanisms were also accoun
for by folding XMCD spectra with Lorentzians of half-width
of 3.4 and 3.7 eV for theM5 andM4 spectra, respectively.

The details of the computational method are described
our previous papers,54,55 and here we only mention sever
aspects. The calculations were performed for the experim
tally observed lattice constanta57.055 Å using the LMTO
method56,57 in the atomic sphere approximation with th
combined correction term taken into account. The radii
atomic spheres for U and Fe were chosen to be equa
3.2250 and 2.6414 a.u., respectively. We used the von Ba
Hedin parametrization58 for the exchange-correlation poten
tial. Brillouin zone integrations were performed using t
improved tetrahedron method59 and charge self-consistenc
was obtained with 349 irreduciblek points. The basis con
sisted of Us, p, d, f, andg; Fe s, p, d, and f LMTO’s. The
combined correction terms were also included in calculat
of the optical matrix elements.60 We calculated the absorp
tive part of the optical conductivity in a wide energy ran
4-3
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and then the Kramers-Kronig transformation was used to
culate the dispersive parts of the optical conductivity fro
the absorptive parts.

We have adopted the LSDA1U method61,62as a different
level of approximation to treat the electron-electron corre
tion. We used a generalization of the LSDA1U method
which takes into account spin-orbit coupling so that the
cupation matrix of localized electrons becomes nondiago
in spin indexes. This method is described in detail in o
previous paper62 including the procedure to calculate th
screened CoulombU and exchangeJ integrals, as well as the
Slater integralsF2, F4, andF6.

III. RESULTS AND DISCUSSION

A. Band structure and magnetic moments

The fully relativistic spin-polarized LSDA energy-ban
structure and total density of states~DOS! of the ferromag-
netic UFe2 compound are shown in Fig. 1. The bands in t
lowest region between27.3 and24.0 eV have mostly Fes
character with a small amount of Uspd character mixed in.
The energy bands between24.0 and20.3 eV are predomi-
nantly Fe 3d states. The U 5f energy bands are located in th
vicinity of EF in the energy range20.4 to 2.0 eV. There is a
strong hybridization between the U 5f , 6d, and Fe 3d states.

In magnets, the atomic spinMs and orbitalMl magnetic
moments are basic quantities and their separate determ
tion is therefore important. Methods of their experimen

FIG. 1. The LSDA self-consistent fully relativistic, spin
polarized energy-band structure and total DOS@in states/~unit cell
eV!# of UFe2.
21442
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determination include traditional gyromagnetic rat
measurements,63 magnetic form-factor measurements usi
the neutron scattering,64 and magnetic x-ray scattering.65 In
addition to these, the recently developed x-ray magnetic
cular dichroism combined with several sum rules66,67 has at-
tracted much attention as a method of site- and symme
selective determination ofMs and Ml . Table I presents the
comparison between calculated and experimental magn
moments in UFe2. Polarized neutrons and elast
scattering10,11 as well as x-ray magnetic circular dichrois
measurements12 reveal that the orbital and spin magnetic m
ments on the U site are almost equal and oppositely direc
hence the U net moment, which is the sum of the orbital a
spin contributions, is close to zero in UFe2. The LSDA cal-
culations do not provide such a compensation~Table I!. The
LSDA total magnetic moment of uranium in UFe2 is equal to
20.26mB ~Table I! ~with spin moment20.61mB and orbital
moment 0.35mB). The calculated uranium moment is dom
nated by 5f states: the 5f components of the spin and orbita
moment are20.50mB and 0.34mB , respectively.

It is a well-known fact, however, that the LSDA calcula
tions fail to produce the correct value of the orbital mome
of uranium compounds.68–72 In the LSDA, the Kohn-Sham
equation is described by a local potential which depends
the electron spin density. The orbital current, which is
sponsible forMl , is, however, not included into the equa
tions. This means, that althoughMs is self-consistently de-
termined in the LSDA, there is no framework to determi
simultaneouslyMl self-consistently.

Numerous attempts have been made to better estimatMl
in solids. They can be roughly classified into two categori
One is based on the so-called current density-functio
theory73–75 which is intended to extend density-function
theory to include the orbital current as an extra degree
freedom, which describesMl . Unfortunately an explicit
form of the current density functional is at present unknow
The other category includes orbital polarization~OP!,69–72

self-interaction correction,76 and LSDA1U77,62 approaches,
which provide a means to calculateMl beyond the LSDA
scheme.

For a better description ofMl , the OP functional form of
BLz

2 with the Racah parameterB has been deduced69 from an
atomic multiplet ground state without spin-orbit interactio
TABLE I. The experimental and calculated spinMs , orbital Ml , and totalMt magnetic moments~in mB)
of UFe2.

U Fe UFe2

Ms Ml Mt Ms Ml Mt Mt

LSDA 20.61 0.35 20.26 0.68 0.06 0.74 1.22
LSDA1U(OP) 20.71 0.72 0.01 0.71 0.08 0.79 1.59
LSDA1U 21.83 3.08 1.25 1.14 0.20 1.34 2.59
LSDA ~Ref. 70! 20.71 0.47 20.24 0.75 0.07 0.82 1.40
LSDA1OP ~Ref. 70! 21.03 0.88 20.15 0.82 0.07 0.89 1.63
expt.11 20.22 0.23 0.01 0.59 1.19
expt.12 20.20 0.21 0.01
expt.13 20.20 0.52
4-4
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~SOI!, whereS and L are given by Hund’s rules. Howeve
the OP method does not assure us that it will give a g
description when the SOI is included and thusSandL are no
longer good quantum numbers. The inclusion of the OP c
rection in Ref. 70 brings the calculated total U moment
UFe2 to 20.15mB , in better agreement with experime
compared to the LSDA calculations~Table I!.

Solovyev et al.77 argued that the key parameter respo
sible for the exchange-correlation enhancement of the orb
magnetic moments in solids is the ‘‘HubbardU ’’ rather than
the intra-atomic Hund’s second rule coupling, being cons
tent with a more general concept of the orbital polarizati
This leads to a unified rotationally invariant LSDA1U pre-
scription for the orbital magnetism.

Table I presents the calculated magnetic moments in U2
using the LSDA1U. We used a generalization of th
LSDA1U method which takes into account that in the pre
ence of spin-orbit coupling the occupation matrix of loc
ized electrons becomes nondiagonal in spin indexes.62 The
matrix elements of this method contain bothF05U, which
provides the splitting of the localized states into ‘‘lower a
upper Hubbard subbands,’’ and the terms proportiona
Slater integralsF2, F4, and F6, which are responsible fo
angular correlations within the localized shell. In the ca
when U is effectively screened andUeff5U2J becomes
small, the latter terms give the dominant contribution to
corresponding matrix elements. In our LSDA1U calcula-
tions we used two sets of parameters:U52.0 eV andJ
50.5 eV andU5J50.5 eV. In the latter caseUeff50 and
the effect of the LSDA1U comes from nonspherical term
which are determined byF2, F4, andF6 Slater integrals. In
the following we will refer to calculations performed usin
the LSDA1U method withUeff50 as the LSDA1U~OP!
calculations.

The LSDA1U(OP) calculations lead to almost comple
cancellation of the spin and orbital magnetic moments at
U site in agreement with the experimental data. At the sa
time the LSDA1U(OP) theory still strongly overestimate
the absolute value of both the spin and orbital magnetic m
ments at the U site in UFe2. The total moment per formula
unit becomes 1.59mB , which is larger than the LSDA com
puted total moment of 1.22mB and the experimental value o
1.19mB .11

The LSDA1U method withU52.0 eV andJ50.5 eV
strongly overestimates the spin and orbital magnetic m
ments at both the U and Fe sites and does not lead to th
cancellation of the spin and orbital magnetic moments a
site ~Table I!. One can conclude that the on-site Coulom
repulsion on the U site is suppressed, most likely becaus
the strong hybridization between U 5f and Fe 3d states. As
a consequence, U 5f electrons in UFe2 demonstrate almos
purely itinerant behavior.

B. MO spectra

Another stringent test for the applicability of the itinera
LSDA approach to UFe2 would be the description of the MO
Kerr spectrum. The complex MO Kerr effect and optical r
21442
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flectivity were studied experimentally in UFe2 over the 0.6–
5.0 eV energy range in Ref. 19.

In Fig. 2 we show the calculated and experimental M
Kerr spectra of UFe2. The Kerr spectra of UFe2 are signifi-
cantly different from the spectra of pure bcc Fe. This diffe
ence arises predominantly from substantial reduction of
magnetic moment, higher population of 3d states and differ-
ent location of the Fermi energyEF in UFe2 compared to bcc
Fe. The agreement between the experimental Kerr spect
UFe2 and theab initio LSDA calculated one is rather goo
with the exception of a small blue shift of about 0.3 eV of t
theoretically calculated prominent peak both in the Kerr
tation and ellipticity. The prominent peak at 0.6 eV in th
Kerr rotation results from a combination of a deep resona
structure in the denominatorD(v) ~Eq. 3! and interband
transitions contributing intos2xy . Away from the peak, for
energies above 1.0 eV, the Kerr rotation and ellipticity sp
tra are fully determined by the shape ofs2xy . The LSDA
1U(OP) approximation produces a slightly larger Kerr r
tation spectrum in the whole energy interval in comparis
with the LSDA calculations and the experiment. This mig
be connected with the overestimation of the U orbital ma
netic moment in the LSDA1U(OP) calculations~Table I!.

C. XMCD spectra

Figure 3 shows the calculated fully relativistic spi
polarized partial 5f density of states of ferromagnetic UFe2.
Because of the strong spin-orbit interaction of 5f electrons,
j 55/2 andj 57/2 states are well separated in energy and
occupied states are composed mostly of 5f 5/2 states whereas

FIG. 2. Calculated and experimental Kerr rotationuK and Kerr
ellipticity «K spectra of UFe2 in comparison with the experimenta
data in Ref. 19 and bcc Fe.78
4-5
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5 f 7/2 states are almost empty. One can note, however, tha
indirect hybridization betweenj 55/2 and j 57/2 states via
Fe 3d states is rather strong.

In order to compare relative amplitudes of theM4 andM5
XMCD spectra we first normalize the corresponding isot
pic x-ray-absorption spectra~XAS! to the experimental one
taking into account the background scattering intensity
described in Sec. II. Figure 4 shows the calculated isotro
x-ray absorption and XMCD spectra in the LSDA an
LSDA1U(OP) approximations together with the expe
mental data.12 The contribution from the background scatte
ing is shown by dashed lines in the upper panel of Fig. 4

The experimentally measured dichroicM4 line consists of
a simple nearly symmetric negative peak that has no dist
structure. Such a peak is characteristic of theM4 edge of all

FIG. 3. The LSDA partial 5f 5/2 and 5f 7/2 density of states@in
states/~atom eV!# in UFe2.

FIG. 4. Isotropic absorption and XMCD spectra of UFe2 at the
uranium M4,5 edges calculated in the LSDA~solid lines! and
LSDA1U(OP) ~dashed lines! approximations. Experimenta
spectra12 ~circles! were measured at 20 K and at magnetic field 2
~the U M4 spectrum is shifted by295 eV to include it in the
figure!. Upper panel also shows the background spectra~dashed
line! due to the transitions from inner 3d3/2,5/2 levels to the con-
tinuum of unoccupied levels.
21442
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uranium systems. The dichroic line at theM5 edge has an
asymmetrics shape with two peaks—a stronger negati
peak and a weaker positive peak. The dichroism at theM4
edge is more than two times larger than at theM5 one.

We recall that the M4 (M5) edge corresponds to
3d3/2(3d5/2)→5 f transitions. The created 3d core hole has
electrostatic interaction with the 5f shell. However, in a first
approximation, this interaction can be neglected since
clear multiplet structure is distinguished in the absorpt
spectra. This approximation is supported theoretically si
the Slater integralsFk(3d,5f ) andGk(3d,5f ) are small com-
pared to the Fk(5 f ,5f ) integrals and 3d spin-orbit
interaction.21 Neglecting the core-level splitting the mea
sured spectra reflect the density of states above the F
level weighted by the dipole transition probabilities. Sin
the XMCD technique uses circular polarized x-rays, the
chroism contains information about the character of the m
netic sublevels in the DOS.

Because of the electric dipole selection rules (D l 561;
D j 50,61) the major contribution to the absorption at th
M4 edge stems from the transitions 3d3/2→5 f 5/2 and that at
the M5 edge originates primarily from 3d5/2→5 f 7/2 transi-
tions, with a weaker contribution from 3d5/2→5 f 5/2 transi-
tions. For the latter case the corresponding 3d5/2→5 f 5/2 ra-
dial matrix elements are only slightly smaller than for t
3d5/2→5 f 7/2 transitions. The angular matrix elements, ho
ever, strongly suppress the 3d5/2→5 f 5/2 contribution. There-
fore the contribution to XMCD spectrum at theM5 edge
from the transitions withD j 50 is about 15 times smalle
than the transitions withD j 51 ~see Eq. 6!.

The selection rules for the magnetic quantum numbermj
(mj is restricted to2 j , . . . ,1 j ) areDmj511 for l511
and Dmj521 for l521. Table II presents the dipole a
lowed transitions for x-ray-absorption spectra at theM5 and
M4 edges for left (l511) and right (l521) polarized x
rays.

To go further, we need to discuss the characteristics of
5 f empty DOS. Sincel ands prefer to couple antiparallel fo
less than half-filled shells, thej 5 l 2s55/2 has a lower en-
ergy than thej 5 l 1s57/2 level. Due to the intra-atomic
exchange interaction the lowest sublevel of thej 55/2 will

TABLE II. The dipole allowed transitions from core 3d3/2,5/2

levels to the unoccupied 5f 5/2,7/2 valence states for left (l511)
and right (l521) polarized x rays.

Edge l511 l521

25/2→23/2 25/2→27/2
23/2→21/2 23/2→25/2

M5 21/2→11/2 21/2→23/2
11/2→13/2 11/2→21/2
13/2→15/2 13/2→11/2
15/2→17/2 15/2→13/2

23/2→21/2 23/2→25/2
M4 21/2→11/2 21/2→23/2

11/2→13/2 11/2→21/2
13/2→15/2 13/2→11/2
4-6
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be m5/2525/2, however, for thej 57/2 the lowest subleve
will be m7/2517/2. This reversal in the energy sequen
arises from the gain in energy due to alignment of the s
with the exchange field.25

The 5f 7/2 states are almost completely empty in all t
uranium compounds. Therefore all the transitions listed
Table II are active in theM5 absorption spectrum. The con
tribution from the first four transitions forl511 cancels to
a large extent with the contribution of the opposite sign fro
the last four transitions forl521 having the same fina
states. Thus the XMCD spectrum of U at theM5 edge (I
5m22m1) can be roughly approximated by the followin
sum of mj -projected partial densities of states: (N27/2

7/2

1N25/2
7/2 )2(N7/2

7/21N5/2
7/2). Here we use the notationNmj

j for

the density of states with the total momentumj and its pro-
jection mj . As a result, the shape of theM5 XMCD spec-
trum contains two peaks of opposite signs—a negative p
at lower energy and a positive peak at higher energy. As
separation of the peaks is smaller than the typical lifeti
broadening, the peaks cancel each other to a large ex
thus leading to a rather small signal. Since the splitting
states withmj56umj u increases with the increase of th
magnetization at the U site, the amplitude of theM5 spec-
trum should be proportional to the U magnetic moment.

A rather different situation occurs in the case of theM4
x-ray-absorption spectrum. Usually in uranium compoun
the U atom is in 5f 3 (U13) or 5f 2 (U14) configurations and
has partly occupied 5f 5/2 states. In the first case the 5f 5/2
states withmj525/2, 23/2, and21/2 are usually occu-
pied. The dipole allowed transitions forl511 are 21/2
→11/2, 11/2→13/2, and13/2→15/2 and those forl
521 are13/2→11/2. The transitions with the same fin
statesmj511/2 mostly cancel each other and the XMC
spectrum of U at theM4 edge can be roughly represented
the sum2(N3/2

5/21N5/2
5/2). The corresponding analysis for th

5 f 2 (U14) configuration with occupiedf 5/2,25/2 and f 5/2,23/2
states shows that the dipole allowed transitions forl511
are 23/2→21/2, 21/2→11/2, 11/2→13/2, and13/2
→15/2 and forl521: 11/2→21/2 and13/2→11/2.
Again, the XMCD spectrum of U at theM4 edge can be
approximated by2(N3/2

5/21N5/2
5/2). This explains why the di-

chroic M4 line in uranium compounds consists of a sing
nearly symmetric negative peak.

We should note, however, that the explanation of
XMCD line shape in terms ofmj -projected DOS presente
above should be considered as only qualitative. First, the
no full compensation between transitions with equal fi
states due to difference in the angular matrix elements;
ond, in our consideration we neglect cross terms in the tr
sition matrix elements; third, there is no pure 5f 3 or 5f 2

configurations in uranium compounds. It is always diffic
to estimate an appropriate atomic 5f occupation number in
band-structure calculations. Such a determination is usu
obtained by the integration of the 5f electron charge densit
inside of the corresponding atomic sphere. In the particu
UFe2 case, the occupation number of U 5f states is around
2.9 in the LSDA calculations. We, however, should keep
mind that some amount of the 5f states are derived from th
21442
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so-called ‘‘tails’’ of Fe 3d states arising as a result of th
decomposition of the wave function centered at Fe ato
The careful analysis in the case of UPd3 presented in Ref. 62
shows that the occupation number of the ‘‘tails’’ of Pd 4d
states sum up to give the 5f occupation of 0.9 electrons in
the U atomic sphere. We should also note that due to
strong hybridization between U 5f and Fe 3d states, the U
5 f 7/2 states in UFe2 are not completely empty, some of the
are occupied, also some amount of U 5f 5/2 states, which we
have been considering as fully occupied, are partially em

The overall shapes of the calculated and experimental
nium M4,5 XMCD spectra correspond well with each oth
~Fig. 4!. The major discrepancy between the calculated a
experimental XMCD spectra is the size of theM4 XMCD
peak. The LSDA underestimates the integral intensity of
XMCD at M4 edge. As the integrated XMCD signal is pro
portional to the orbital moment66 this discrepancy may be
related to an underestimation of the orbital moment
LSDA-based computational methods~Table I!. On the other
hand, the LSDA1U(OP) approximation gives larger inten
sity for the M4 XMCD spectrum in comparison with the
experimentally measured one. It reflects the overestima
of the orbital moment at U site in the LSDA1U(OP) calcu-
lations~Table I!. In the case of theM5 XMCD spectrum, the
LSDA reproduces the amplitude of the positive peak a
overestimates the amplitude of the negative peak. T
LSDA1U(OP) approximation, in contrast, gives goo
agreement in the amplitude of the negative peak but ove
timates that of the positive peak.

To investigate the influence of the initial state on the
sulting U XMCD spectra we calculated also the XAS a
XMCD spectra of UFe2 compound at theN4,5 andO4,5 edges
~not shown!. We found a substantial decrease of the XMC
in terms ofR5Dm/(2m0) at N4,5 edges in comparison with
the M4,5 ones. The theoretically calculated dichroicN4 line
consists of a simple nearly symmetric negative peak that
no distinct structure as was observed at theM4 XMCD spec-
trum. The LSDA calculations give much smaller dichro
signal at the N4 edge in comparison with the LSDA
1U(OP) calculations. The dichroic line at theN5 edge is
reminiscent of the correspondingM5 spectrum and has a
asymmetrics shape with two peaks–a stronger negative pe
and much weaker positive peak. In contrast to the dichro
at theM4,5 edges where XMCD at theM4 edge is more than
two times larger than at theM5 one, the dichroism at theN4
edge has almost the same intensity as at theN5 edge.

Due to MO selection rules theO4 XMCD spectrum re-
sembles theM4 spectrum, whereas theO5 spectrum is simi-
lar to theM5 one. Because of the relatively small spin-orb
splitting of the 5d states of U (;11 eV), theO4 and O5
spectra almost overlap each other. The magnetic dichrois
quasicoreO4,5 edges is of one order of magnitude larger th
the dichroism at theN4,5 edges and become almost as lar
as that at theM4,5 edge. Besides, the lifetime broadening
the coreO4,5 levels is much smaller than the broadening
the M4,5 ones.79 Therefore the spectroscopy of U atoms
the ultrasoft x-ray energy range at theO4,5 edges may be a
very useful tool for investigation of the 5f electronic states
in magnetic U materials.
4-7
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The XAS spectra at theM4,5, N4,5, and O4,5 edges in-
volve electronic transitions betweennd3/2,5/2 (n53,4, and 5!
and 5f 5/2,7/2 states and therefore are used to study of thef
empty electronic states in uranium compounds. To inve
gate the 6d states of U one should tune the energy of the
ray close to theM2,3, N2,3, O2,3, or N6,7 edges of uranium.
The first three doublets are due to thenp1/2,3/2→6d3/2,5/2 (n
53,4, and 5! interband transitions.

Figure 5 presents the theoretically calculated XMC
spectra of UM2,3, N2,3, andO2,3 edges. The XMCD signals
at these edges are two orders of magnitude less than
corresponding signals at theM4,5 edges.

Because of the dipole selection rules, apart from
ns1/2-states~which have a small contribution to the XAS du
to relatively smallnp→7s matrix elements only 6d3/2 states
occur as final states for theM2 , N2, andO2 XAS for unpo-
larized radiation, whereas for theM3 , N3, andO3 XAS the
6d5/2 states also contribute. Although thenp3/2→6d3/2 radial
matrix elements are only slightly smaller than for thenp3/2
→6d5/2 transitions the angular matrix elements strongly s
press thenp3/2→6d3/2 contribution ~see Eq. 6!. Therefore,
neglecting the energy dependence of the radial matrix
ments, theM2 , N2, andO2 absorption spectra can be viewe
as a direct mapping of the DOS curve for 6d3/2, and theM3 ,
N3, andO3 XAS reflect the DOS curve for 6d5/2 states. The

FIG. 5. XMCD spectra of UFe2 at the uraniumM2,3, N2,3,
O2,3, andN6,7 edges calculated in the LSDA approximation. All th
XMCD spectra are multiplied by a factor 102. ~The M2 and N2

spectra are shifted by2800 eV and2150 eV, respectively, to in-
clude them in the figure!.
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shape ofX3 (X5M ,N, or O) XMCD spectra consists of two
peaks of opposite sign—a negative peak at lower energy
a positive peak at higher energy. The shape ofX2 (X
5M ,N, or O) XMCD spectra also have two peaks of a
opposite sign, but the negative peaks situated at higher
ergy and the positive peak at lower energy~Fig. 5!.

Figure 5 also presents the theoretically calculated XMC
spectra at UN6,7 edges. Because of the electric dipole sele
tion rules the major contribution to the absorption at theN7
edge stems from the transitions 4f 7/2→6d5/2 and that at the
N6 edge originates primarily from 4f 5/2→6d3/2 transitions
~the contribution from 4f 5/2→6d5/2 transitions are strongly
suppressed by the angular matrix elements!. The XMCD sig-
nals at these edges are even smaller than the correspon
signals at theX2,3 (X5M ,N, or O) edges. Because of th
relatively small spin-orbit splitting of the 4f states of U, the
N6 andN7 spectra have an appreciable overlap. Besides
the case ofN6,7 XAS one would expect a strong electrosta
interaction between the created 4f core hole and the valenc
states. It can lead to an additional multiplet structure in
XAS and XMCD spectra at theN6,7 edges. We have no
considered multiplet structure in our XMCD calculation
This structure can be captured using full atomic multip
structure calculations.

We also calculated the x-ray magnetic circular dichroi
at the FeK, L2,3, and M2,3 edges, with the results bein
presented in Fig. 6. For comparison we also show
XMCD spectra in bcc Fe. Although the XMCD signal at th

FIG. 6. XMCD spectra of UFe2 at the FeK, L2,3, and M2,3

edges in bcc Fe and Fe in UFe2 calculated in the LSDA approxi-
mation. The XMCD spectrum at theK edge has been multiplied b
a factor 102.
4-8
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FeK edge has almost the same amplitude both in bcc Fe
UFe2, their shapes are quite different~Fig. 6!. Because di-
pole allowed transitions dominate the absorption spect
for unpolarized radiation, the absorption coefficientmK

0 (E)
~not shown! reflects primarily the DOS of unoccupie
4p-like statesNp(E) of Fe above the Fermi level. Due to th
energy dependent radial matrix element for the 1s→4p there
is no strict one-to-one correspondence betweenmK(E) and
Np(E). The exchange splitting of the initial 1s core state is
extremely small,80 therefore only the exchange and spin-or
splitting of the final 4p states is responsible for the observ
dichroism at theK edge. For this reason the dichroism
found to be very small~Fig. 6!. It was first pointed out by
Gotsis and Strange81 as well as Brooks and Johansson82 that
XMCD K-spectrum reflects the orbital polarization in diffe
ential formd^ l z&/dE of the p states. It gives a rather simpl
and straightforward interpretation of the Fe XMCD spectru
at theK edge.55

In contrast to theK edge, the dichroism at FeL2 andL3
edges is also influenced by the spin-orbit coupling of
initial 2p core states. This gives rise to a very pronounc
dichroism in comparison with the dichroism at theK edge.
Figure 6 shows the theoretically calculated FeL2,3 XMCD
spectra in UFe2 and bcc Fe. The dichroism at theL3 edge has
a negative sign and at theL2 edge a positive one. Th
XMCD dichroic signals at the FeL2,3 and M2,3 edges are
three times smaller in UFe2 than the corresponding XMCD
in bcc Fe due to strongly reduced magnetic moment at the
site in UFe2 in comparison with pure Fe. Besides, the sha
of the spectra is more asymmetrical in UFe2.

The magnetic dichroism at the FeM2,3 edges is much
smaller than at theL2,3 edges~Fig. 6!. Besides theM2 and
theM3 spectra are strongly overlapped and theM3 spectrum
contributes to some extent to the structure of the totalM2,3
spectrum in the region of theM2 edge. To decompose
corresponding experimentalM2,3 spectrum into itsM2 and
M3 parts will therefore be quite difficult in general. It i
worth mentioning that the shape of FeL3 and M3 XMCD
spectra are very similar.

IV. SUMMARY

We have studied by means of anab initio fully relativistic
spin-polarized Dirac linear muffin-tin orbital method th
electronic structure, magneto-optical properties, and
x-ray magnetic circular dichroism in UFe2.

Polarized neutrons and elastic scattering10,11 as well as
x-ray magnetic circular dichroism measurements12 reveal
that the orbital and spin magnetic moments on the U site
almost equal and oppositely directed, hence the U net
ment, which is the sum of the orbital and spin contributio
is close to zero in UFe2. The LSDA calculations do not pro
vide such a compensation. On the other hand, a genera
tion of the LSDA1U method ~with Ueff50, the LSDA
1U(OP) approximation! leads to almost complete cancell
tion of the spin and orbital magnetic moments at the U s
in good agreement with neutron and XMCD experimen
data. However the LSDA1U(OP) theory still strongly over-
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estimates the absolute value of both the spin and orbital m
netic moments at the U site in UFe2.

The agreement between the experimental Kerr spectra
the ab initio LSDA calculated ones is rather good. Th
prominent peak in the Kerr rotation at around 0.6 eV resu
from the interplay of a deep resonance structure in the
nominator and interband transitions contributing tos2xy .
Away from the peak, for energies above 1.0 eV, the K
rotation and ellipticity spectra are fully determined by t
shape ofs2xy . The LSDA1U(OP) approximation produce
a larger Kerr rotation spectrum in the whole energy inter
in comparison with the LSDA calculations and the expe
ment. It might be connected with the overestimation of the
orbital magnetic moment in the LSDA1U(OP) calculations.
These findings illustrate that not everything about the el
tronic structure of UFe2 is explained.

The experimentally measured dichroicM4 line consists of
a simple nearly symmetric negative peak that has no dist
structure. The dichroic line at theM5 edge has an asymme
ric s shape with two peaks—a stronger negative peak an
weaker positive peak. The overall shapes of the calcula
and experimental uraniumM4,5 XMCD spectra correspond
well with each other. The major discrepancy between
calculated and experimental XMCD spectra is in the am
tude of theM4 XMCD peak. The LSDA underestimates th
integral intensity of the XMCD atM4 edge. As the integrated
XMCD signal is proportional to the orbital moment this di
crepancy may be related to the underestimation of the orb
moment by LSDA-based computational methods. On
other hand, the LSDA1U(OP) approximation gives large
intensity for theM4 XMCD spectrum in comparison with the
experimentally measured one. It reflects the overestima
of the orbital moment at U site in the LSDA1U(OP) calcu-
lations. In the case of theM5 XMCD spectrum, the LSDA
produces a correct value of the positive peak and overe
mates the value of the negative peak. The LSDA1U(OP)
approximation, in contrast, gives good agreement in
value for the negative peak and overestimates the pos
peak.

The line shape of the dichroic spectra can be qualitativ
understood considering the MO selection rules as well as
occupation and the energy sequence of themj -projected par-
tial densities of states. The 5f 7/2 states are almost complete
empty in all the uranium compounds and the XMCD spe
trum of U at theM5 edge can be roughly approximated b
the following sum of partial densities of 5f 7/2 states:
(N27/2

7/2 1N25/2
7/2 )2(N7/2

7/21N5/2
7/2). As a result, the shape of th

M5 XMCD spectrum stems from two peaks of oppos
signs—a negative peak at lower energy and a positive p
at higher energy. As the separation of the peaks is sma
than the typical lifetime broadening, the peaks cancel e
other to a large extent, thus leading to a rather small sig

A rather different situation occurs in the case of theM4
x-ray-absorption spectrum. Uranium compounds have p
tially occupied 5f 5/2 states and the XMCD spectrum of U a
the M4 edge can be approximated by2(N3/2

5/21N5/2
5/2). This

explains why the dichroicM4 line in uranium compounds
consists of a single nearly symmetric negative peak.
4-9
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The XMCD signals at UM2,3, N2,3, O2,3, andN6,7 edges
are two orders of magnitude weaker than the correspon
signals at theM4,5 edges.

Due to small exchange splitting of the initial 1s core
states only the exchange and spin-orbit splitting of the fi
4p states are responsible for the observed dichroism at FK
edge. The XMCD spectra of Fe for theL2,3 edge are mostly
determined by the strength of the SO coupling of the ini
2p core states and spin-polarization of the final em
3d3/2,5/2 states while the exchange splitting of the 2p core

*Email address: antonov@ameslab. gov; anton@imp.kiev.ua;
manent address: Institute of Metal Physics, Vernadsky Str
03142 Kiev, Ukraine.
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