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The current status of theoretical understanding of the x-ray magnetic circular dichroism (XMCD) of 4 f

and 5 f compounds is reviewed. Energy band theory based upon the local spin-density approximation

(LSDA) describes the XMCD spectra of transition metal compounds with high accuracy. However, the

LSDA does not suffice for lanthanide compounds which have a correlated 4 f shell. A satisfactory descrip-

tion of the XMCD spectra could be obtained by using a generalization of the LSDA, in which explicitly f

electron Coulomb correlation are taken into account (LSDA + U approach). As examples of this group we

consider GdN compound. We also consider uranium 5 f compounds. In those compounds where the 5 f elec-

trons are rather delocalized, the LSDA describes the XMCD spectra reasonably well. As example of this

group we consider UFe 2. Particular differences occur for the uranium compounds where the 5 f electrons are

neither delocalized nor localized, but more or less semilocalized. Typical examples are UXAl (X = Co, Rh,

and Pt), and UX (X = S, Se, Te). The semilocalized 5 f ’s are, however, not inert, but their interaction with

conduction electrons plays an important role. We also consider the electronic structure and XMCD spectra

of heavy-fermion compounds UPt 3, URu 2Si 2, UPd 2Al 3, UNi 2Al 3, and UBe13 where the degree of the 5 f lo-

calization is increased in comparison with other uranium compounds. The electronic structure and XMCD

spectra of UGe 2 which possesses simultaneously ferromagnetism and superconductivity also presented. Re-

cently achieved improvements for describing 5 f compounds are discussed.

PACS: 75.50.Cc Other ferromagnetic metals and alloys;
71.20.Lp Intermetallic compounds;
71.15.Rf Relativistic effects.

Keywords: electronic structure, density of electronic states, x-ray absorption spectra, x-ray magnetic circu-
lar dichroism, spin-orbit coupling, orbital magnetic moments.
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1. Rare-earth compounds

The astonishing variety of magnetic behaviors in

rare-earth-3d transition metal (R-TM) intermetallics re-

flects the complexity of the exchange mechanism involv-

ing direct and indirect interaction mediated by the band

states. These mechanisms are still not completely under-

stood. X-ray magnetic circular dichroism (XMCD), being

element and orbital selective, offers the opportunity to

probe the TM 4 p and 3d band states by scanning through

their K and L2 3, edges, respectively. Information on the

rare-earth ground state is usually obtained by performing

XMCD measurements at the rare-earth M 4 5, edges since

these edges involve the 3 4d f� transitions, i.e., they probe

the electronic states of the 4 f shell. On the other hand, L 2 3,

edges of rare-earth ion provide the information on the R 5d

band states through the 2 5p d� transitions. Such studies of

XCMD have shown to be very useful and give new insite on

both the magnetic properties of the R-TM compounds and

the interpretation of the XMCD spectra.

Recently systematic studies have been performed on

several series of R-TM intermetallic crystals, amorphous

materials and insulating ferromagnetic oxides in order to

extract the relevant physical effects which govern the

XCMD of K , L2 3, and M 4 5, edges. Giorgetti et al. [1] pres-

ent the XMCD studies at the L2 3, edges of Ce and K edge

of transition metals in CeFe2, Ce(Fe0.8Co0.2) 2, CeCo5,

Ce2Co17, CeRu2Ge2, Ce3Al11, CePd, CoFe2H3.8 com-

pounds. Suga and Imada [2] studied a dense Kondo mate-

rial, Sm4As3. They performed the M 4 5, and N 4 5, XMCD

at the Sm edges. The authors also measure XMCD spectra

in the permanent magnet Nd2Fe14B at the M 4 5, and L 2 3,

edges of Nd and Fe, respectively. The shape of the spectra

agree with atomic calculations.

XMCD at Er M 4 5, [3] was used to follow the H T, mag-

netic phase diagram of an amorphous Er12Fe73 alloy. In

these samples, macroscopic measurements of the mag-

netic moment show a strong evolution of the compensa-

tion temperature with the applied magnetic field. The

variation of XMCD at Er M 4 5, is consistent with a mag-

netic structure of both the Er and Fe atoms. It shows the

existence of temperature-induced, as well as field-in-

duced, flip of the Er sublattice with respect to the direc-

tion of the magnetic field, evidenced by the change of

sign of the dichroism. The authors of Ref. 4 present a

XMCD study of a CeCuSi compound and a Ce/Fe multi-

layer performed at the Ce M 4 5, absorption edge. In the

Ce/Fe multilayered structure (MLS), Ce atoms are in the

highly hybridized � phase, characterized by a strong mix-

ing between the 4 f electrons with the valence band, and

carry an ordered moment. XMCD experiments show the

part of this moment is due to 4 f electrons. The difference

in the shape of the XMCD signals of a typical �-like com-

pound CeCuSi and of the Ce/Fe multilayer demonstrate

that the XMCD spectra reflect the hybridization in the

ground state of the cerium atoms in the multilayer. Ce M 4 5,

XMCD spectra in strongly correlated ferromagnetic sys-

tems CeCuSi, CeRh3B2, and CeFe2 measured in Ref. 5.

By applying sum rules, it was shown that these experi-

ments are able to yield both the magnitude and the direc-

tion of the 4 f magnetic moments on Ce.

A systematic XMCD study at the Fe K edge on RFe14B

series (R = rare earth and Y) performed in Ref. 6. The

study identifies the influence of the rare-earth magnetic

state into the K edge XMCD signals in RFe14B inter-

metallic compounds. This signal results from the addition

of two components, each one being due to the magnetic

contribution of both the iron and the rare-earth sublat-

tices. The contribution of the R sublattice to the XMCD

signal has been extracted yielding a direct correlation to

the R magnetic moment. XMCD spectra has been mea-

sured in R–Co compounds (R = La, Tb, and Dy) at the Co

K edge [7]. The experimental results have been inter-

preted within the multiple-scattering framework includ-

ing the spin-orbit coupling. In the three systems, the

XMCD spectra in the near edge region are well repro-

duced. Co K edge XMCD spectra in crystalline and amor-

phous Gd–Co alloys measured in Ref. 8. The results anal-

yses using a semirelativistic full multiple scattering

approach. It was shown that the spin polarization on Co

atoms in GdCo5 alloys is smaller than that in Co metal.

XMCD experiments have been performed in Ref. 9 at

the R L2 3, (R = rare earth) and Ni K edges on single crys-

tals of GdNi5 and TbNi5. The spectra present huge and

well-structured dichroic signals at both the R L2 3, and N K

edges. In TbNi5 the negative XMCD structure, observed

3 eV below the edge at the Tb L3 edge, was interpreted as

the quadrupolar (2 4p f� ) transitions. A systematic

study of XMCD, x-ray resonance magnetic scattering

(XRMS), and resonance inelastic x-ray scattering (RIXS)

at the L2 3, edges of Nd on Nd2Fe14B presented in Ref. 10

allowes to assign a dipole (E1) or quadrupole (E2) origin

to different features appearing in the experimental spectra

and to study the thermal dependence of the Nd moment

orientation below the spin reorientation transition which

take place at TSRT = 135 K. A single crystal of Tb as a pro-

totype system for a one-element magnet was used to in-

vestigate XMCD at the L2 3, edge [11]. The high resolution

of the experimental data allows for a clear identification

of the E1 and E2 transitions. On the basis of ab initio cal-

culations a simple procedure for extracting of the E2 part

from the experimental XMCD data was developed.

Fe L2 3, XMCD spectra on a single crystal of Fe17Dy2

measured by Castro et al. in Ref. 12. XMCD study at the K

edge in the R6Fe23 series (R = Ho and Y) presented

in Ref. 13. This study identifies the influence of the

rare-earth magnetic state on the K edge XMCD signals.

The results demonstrate that the contribution of both Fe

and R to the K edge XMCD spectra can be easily isolated
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following its temperature-dependent behavior through

compensation temperature and that they can be directly

correlated to the Fe and R magnetic moments.

The distinguishing feature of the rare-earth elements

in solids is the atomic character of the 4 f levels, which lie

relatively deep in the ion while having very small binding

energies. It is this feature that account for the chemical

similarity and magnetic diversity found in the series. A

well-known consequence of this localized behavior is that

a number of solid-state and spectroscopies involving the

4 f electrons can be explained with the multiplet structure

found from atomic calculations, with only small correc-

tions being necessary to incorporate solid-state effects.

A 3d absorption process in rare-earth ions involves the

electronic excitations to the 4 f or the valence band (VB)

levels [14], i.e.,

3 4 3 410 9 1d f d fn x n x( ) ( )VB VB� � (1)

or

3 4 3 410 9 1d f d fn x n x( ) ( )VB VB� � . (2)

The final-state configuration contains two open shells

and due to strong 3d–4f overlap gives rise to large Cou-

lomb and exchange correlation energies and produces a

wide spread over the multiplet levels. The 3d � VB exci-

tations (2) have much weaker strength in comparison with

the first ones (1) not only due to low 3 6d p� cross sec-

tion but also because near threshold the empty valence

band states have mostly 5d character with a little hybrid-

ized 6 p states. The total 3 49 1d f n � multiplet structure is

very complex and the total numbers of levels runs into

thousands for many elements in the middle of the

rare-earth series. There have been several calculations of

the 3 4 49 1d d f n( ) � multiplet structure in individual ele-

ments [15–26].

The theoretical analysis of magnetic circular dich-

roism of 4 f photoemission spectra in Gd and Tb ions re-

ported in Refs. 24–26. Imada and Jo calculate the M 4 5,

and N 4 5, x-ray absorption spectra (XAS) [23] for left and

right circularly polarized light in trivalent rare-earth ions.

Thole et al. [20] measured and calculated in intermediate

coupling the M 4 5, XAS for all the rare-earth metals.

The energy band approximation was used in Ref. 27 to

calculated XMCD spectra of Gd 5(Si 2Ge 2) compound.

To treat the correlation effects at a simple level the

LSDA + U method was used.

1.1. GdN

The Gd pnictides form an interesting family of materi-

als, because of the great variety of their magnetic and

electrical properties, despite their common simple crystal

structure, the face-centered cubic of sodium chloride.

While most Gd pnictides have been found to be antiferro-

magnetic, stoichiometric GdN after a controversial dis-

cussion over three decades [28,29] seems to be recog-

nized now as a ferromagnet. It has a Curie temperature TC

around 60 K and a magnetic saturation moment near

7 � B /Gd ion consistent with the 8S 7 2/ half filled 4 f shell

configuration of Gd 3 � with zero orbital angular momen-

tum [30].

An appealing property of GdN is that it is ferromag-

netic with a large gap at the Fermi energy in the minority

spin states, according to the electronic structure calcula-

tions based on the local density approximation [31–33].

At the same time, GdN is semimetallic in majority spin

states with electron and hole pockets at the Fermi surface

[32]. This latter property has led to some interest in GdN

as a possible candidate for spin-dependent transport

devices [34], exploiting the spin filter, giant magneto-

resistance, or tunneling magnetoresistance effects.

X-ray absorption spectra and XMCD at the gadolinium

M 4 5, and N K edges have been measured in GdN

by Leuenberger at al. [35]. The ordered 4 f moment ex-

tracted from the M 4 5, XMCD spectra was consistent with

the 8S 7 2/ configuration of Gd3+. The exchange field gen-

erated by the Gd 4 f electrons in the ferromagnetic phase

of GdN induces a magnetic polarization of the N p band

states, as can be concluded from the observation of strong

magnetic circular dichroism at the K edge of nitrogen.

However, a comparison of the spectra with the theoretical

partial density of vacant N p states shows considerable

disparities that are not well understood.

Figure 1 shows the fully relativistic spin-polarized en-

ergy band structure of GdN. In these calculations the 4 f

states have been considered as: (1) itinerant using the lo-

cal spin-density approximation, (2) fully localized, treat-

ing them as core states, and (3) partly localized using the

LSDA + U approximation.

The energy band structure of GdN with the 4 f elec-

trons in core can be subdivided into three regions sepa-

rated by energy gaps. The bands in the lowest region

around �12.9 to �11.1 eV have mostly N s character with

some amount of Gd sp character mixed in. The next six

energy bands are primarily N p bands separated from the s

bands by an energy gap of about 6.2 eV. The width of the

N p band is about 4.5 eV and is influenced by hybridiza-

tion with Gd 5d states. The spin splitting of the N p bands

is small (about 0.2 eV at the X symmetry point (Fig. 1)).

The highest region can be characterized as Gd crystal

field and spin-split d bands.

An important issue is the energy position of the occu-

pied 4 f states in the electron band structure of GdN. The

LSDA calculations place the empty 4 f states of Gd in

GdN at 1 to 2 eV above the Fermi level with the occupied

majority-spin 4 f states situated at around �4 to �3.2 eV

below Fermi level, EF . It is well known that LSDA usu-

ally gives a wrong energy position for the 4 f states in

rare-earth compounds. For nonzero 4 f occupation it
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places the 4 f states right at the Fermi level [37,38] in con-

tradiction with various experimental observations. In the

case of Gd compounds the LSDA places the empty 4 f

states too close to the Fermi energy. For example, the

LSDA calculations produce the empty 4 f states in pure

Gd metal at 2.7 eV above the Fermi level [39], although

according to the x-ray bremsstrahlung isochromat spec-

troscopy (BIS) measurements they are situated around

5.5 eV above the Fermi level [40,41]. The XPS spectrum

measured by Leuenberger et al. [35] in the valence band

region of GdN shows the Gd 3 � 4 f 6 final state multiplet

located at around 8 eV below the Fermi level.

Figure 1 also presents the energy band structure of

GdN calculated in the LSDA + U approximation. In such

an approximation the Gd 4 f empty states are situated

around 5 eV above the Fermi level, well hybridized with

Gd 5d and N 2 p minority states. The majority-spin 4 f

states form a narrow band well below the Fermi energy

and occupy a �7 to �8 eV energy interval in good agree-

ment with the XPS measurements [35].

The partial density of states (DOS) of cubic ferromag-

netic GdN are presented in Fig. 2 for the LSDA +U calcu-

lations. The majority 4 f electrons create an exchange

field that leads to spin splitting of the N p band. Further-

more, there is a visible Gd d–N sp as well as Gd 4 f –N p

hybridization in occupied part of GdN valence band. One

of the consequences is that the N anion should carry a

magnetic moment. The Gd f states above the Fermi level

hybridize with the Gd d t g2
states only in the minority

channel (Fig. 2). The Gd d eg
states shift to higher energy

due to the crystal-filed splitting and almost don’t hybrid-

ize with the Gd 4 f states. The orbital moments are equal

to 0.057 � B and �0.0007� B on the Gd and N sites, respec-

tively. Exchange and hybridization induce spin splitting

of the conduction band states. As a result, the itinerant Gd

5d and N 2 p derived band electrons carry small spin mag-

netic moments of 0.107 � B and �0.098 � B , respectively,

that are of opposite each other and nearly cancel. The Gd

5d and N 2 p orbital moments are equal to �0.0066 � B and

�0.0007 � B , respectively.
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Fig. 1. Self-consistent fully relativistic spin-polarized energy

band structure and total DOS (in states/(unit cell�eV)) calculated

for GdN treating the 4 f states as: (1) fully localized (4 f in core);

(2) itinerant (LSDA); and (3) partly localized (LSDA + U ) [36].
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One should mention that although Gd 3 � free ion con-

sistent with the 8S 7 2/ half filled 4 f shell configuration

possesses a zero orbital angular momentum, in solids Gd

has small but nonzero orbital moment of around 0.063 � B

due to hybridization with other states and also because in

solids spin-up states are the linear combination of the

4 5 2f / and 4 f 7 2/ states and ml for each state can be

noninteger.

The study of the 4 f electron shell in rare-earth com-

pounds is usually performed by tuning the energy of the

x-ray close to the M 4 5, edges of rare-earth where elec-

tronic transitions between 3d 3 2 5 2/ , / and 4 f 5 2 7 2/ , / states

are involved. Figure 3 shows the calculated XAS and

XMCD spectra in the LSDA + U approximation for GdN

at the M 4 5, edges together with the corresponding experi-

mental data [35]. The experimentally measured dichroism

is large, as is common for Gd-based systems at the 3d

threshold; it amounts to more than 20 %.

The theoretically calculated XAS spectra have a rather

simple line shape composed of two white line peaks at the

M 5 and M 4 edges, however the experimentally measured

spectra have well pronounced fine structures at high-en-

ergy part of the M 5 and M 4 XAS’s. This fine structure are

believed to be due to the multiplet structures which have

not been included in the band structure calculations.

Figure 3,b shows the calculated XMCD spectra in the

LSDA + U approximation for GdN together with the cor-

responding experimental data [35]. The dichroism is

mostly negative at the Gd M 5 edge and positive at the M 4

one. The calculations describe correctly the deep negative

minimum at the Gd M 5 edge and the low-energy positive

peak at the M 4 edge, however they don’t produce the

high-energy fine structures at both the edges, which are

probably caused by the multiplet structure as described

above. The XMCD at the M 5 edge also possesses an addi-

tional small positive lobe at the low-energy side which is

not in the theoretical calculations. The LSDA + U theory

underestimates the intensity for the XMCD spectrum at

M 5 edge and overestimates it at the M 4 edge in compari-

son with the experiment.

We investigate also the effect of the core-hole effect in

the final state using the supercell approximation. When

the 3d core electron is photoexcited to the unoccupied 4 f

states, the distribution of the charge changes to account

for the created hole. The final-state interaction improves

the agreement between theory and the experiment at the

M 5 edge in the intensity of the prominent negative peak

and by producing correctly a positive lobe at the low-en-

ergy side.
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Figure 4 shows the calculated XAS and XMCD spectra

in the LSDA + U approximation at the L2 3, edges together

with the corresponding experimental data measured at

bulklike layers of GdN [42].

Our calculations of Gd L2 3, XAS produce two addi-

tional peaks at the high-energy side of the prominent

peak, the position of the second high-energy peak is in

good agreement with the experiment, however the first

one is less pronounced in the experimental spectra.

The dichroism at the L2 3, edges has two lobes, a posi-

tive and a negative one. The positive lobe is larger in com-

parison with the negative one for L3 spectrum and vice

versa for the L2 edge. Our LSDA +U calculations overes-

timate the smaller lobe and underestimate the larger one

at both the L3 and L2 edges.

We found minor influence of the final-state interaction

on the shape of the Gd L2 3, XMCD spectra in the whole

energy interval. A small core-hole effect might come from

the fact that the Gd 5d states are less localized in compari-

son with the 4 f states and have smaller amplitude inside

the MT sphere and thus are less subject to the core hole

potential.

A qualitative explanation of the XMCD spectra shape

is provided by the analysis of the corresponding selection

rules, orbital character and occupation numbers of indi-

vidual 5d orbitals. Because of the electric dipole selection

rules (�l 	 
 1; �j 	 
0 1, ) the major contribution to the

absorption at the L2 edge stems from the transitions

2 51 2 3 2p d/ /� and that at the L3 edge originates primarily

from 2 p3 2/ � 5d 5 2/ transitions, with a weaker contribu-

tion from 2 p3 2/ � 5d 3 2/ transitions. For the later case the

corresponding 2 p3 2/ � 5d 3 2/ radial matrix elements are

only slightly smaller than for the 2 p3 2/ � 5d 5 2/ transi-

tions. The angular matrix elements, however, strongly

suppress the 2 p3 2/ � 5d 3 2/ contribution. Therefore the

contribution to XMCD spectrum at the L3 edge from the

transitions with �j 	 0 is one order of magnitude smaller

than the transitions with �j 	1[43].

The selection rules for the magnetic quantum number

m j (m j is restricted to � �j j, ... ) are �m j 	 � 1for � 	 � 1

and �m j 	 �1 for � 	 �1. Table 1 presents the dipole al-

lowed transitions for x-ray absorption spectra at the L3

and L2 edges for left (� 	 � 1) and right (� 	 �1) polarized

x-rays.

To go further, we need to discuss the character of the

3d empty DOS. Since l and s prefer to couple antiparallel

for less than half-filled shells, the j l s /	 � 	 3 2 has a

lower energy than the j l s /	 � 	 5 2 level. Due to the

intra-atomic exchange interaction the lowest sublevel of

the j /	 3 2 will be m /3 2 3 2/ 	 � , however, for the j /	 5 2

the lowest sublevel will be m /5 2 5 2/ 	 � . This reversal in

the energy sequence arises from the gain in energy due to

alignment of the spin with the exchange field.

Table 1. The dipole allowed transitions from core 2 p1 2 3 2/ , / levels

to the unoccupied 5d3 2 5 2/ , / valence states for left ( )� 	 �1 and

right (� 	 �1) polarized x-rays

Edge � = +1 � = –1

L3

–3/2 � –1/2 –3/2 � –5/2

–1/2 � +1/2 –1/2 � –3/2

+1/2 � +3/2 +1/2 � –1/2

+3/2 � +5/2 +3/2 � +1/2

L2

–1/2 � +1/2 –1/2 � –3/2

+1/2 � +3/2 +1/2 � –1/2

The contribution to the L3 absorption spectrum from

the first two transitions (Table 1) for � 	 � 1 cancels to a

large extent with the contribution of opposite sign from

the last two transitions for � 	 �1 having the same final

states. Thus the XMCD spectrum of Gd at the L3 edge

( )I 	 ��� � � can be approximated by the following sum

of m j -projected partial densities of states: (N �5 2
5 2

/
/ +

� ��N N3 2
5 2

3 2
5 2

/
/

/
/) ( + N 5 2

5 2
/
/ ). Here we use the notation N

m

j

j

for the density of states with the total momentum j and its

projection m j . From this expression one would expect the

L3 XMCD spectrum with two peaks of opposite signs

with almost the same intensity. The corresponding L2

XMCD spectrum can be approximated by the following

partial DOS’s: (N N N� �� �1 2
3 2

3 2
3 2

1 2
3 2

/
/

/
/

/
/) ( + N 3 2

3 2
/
/ ). From

this expression one would also expect two peak structure

of L2 XMCD spectrum with an opposite signs. Besides,

due to the reversal energy sequences for the j 	 3 2/ and

j 	 5 2/ sublevels the energy positions of the positive and

negative peaks are opposite to each other for the L3 and L2

XMCD spectra.

We should note, however, that the explanation of the

XMCD line shape in terms of m j -projected DOS’s pre-

sented above should be considered as only qualitative.

First, there is no full compensation between transitions

with equal final states due to difference in the angular ma-

trix elements; second, in our consideration we neglect

cross terms in the transition matrix elements. Besides, we

have used here the jj-coupling scheme, however, the

combination of the hybridization, Coulomb, exchange

and crystal-field energies may be so large relative to the

5d spin-orbit energy that the jj-coupling is no longer an

adequate approximation.

The XMCD spectra at the Gd L2 3, edges are mostly de-

termined by the strength of the spin-orbit coupling of the

initial Gd 2 p core states and spin-polarization of the final

empty 5d 3 2 5 2/ , / states while the exchange splitting of the

Gd 2 p core states as well as the SO coupling of the 5d va-

lence states are of minor importance for the XMCD at the

Gd L2 3, edges of GdN.
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The XAS and XMCD spectra in metals at the K edge in

which the 1s core electrons are excited to the p states

through the dipolar transition usually attract only minor

interest because p states are not the states of influencing

magnetic or orbital order. Recently, however, understand-

ing p states has become important since XMCD spectro-

scopy using K edges of transition metals became popular.

The K edge XMCD is sensitive to electronic structures at

neighboring sites, because of the delocalized nature of the

p states.

It is documented that sizable XMCD signals can be de-

tected at the K edge of nonmagnetic atoms, like sulfur and

oxygen in ferromagnetic EuS [44] and EuO [45], respec-

tively. The experimental K edge photoabsorption and

XMCD spectra of nitrogen in GdN were investigated by

Leuenberger et al. [35]. It was found that the dichroic

peak amplitude amounts to 4% of the edge jump of the

isotropic XA spectrum at 401 eV (Fig. 5), which is a re-

markably large value for K edge XMCD. The N K edge

dichroic signal in GdN is about three times larger than at

the K edge of oxygen in EuO and exceeds that at the K

edge of sulfur in EuS by an order of magnitude; it sur-

passes even that at the onsite Fe K edge of iron metal

where it is on the order of 0.3% [46].

A comparison of the XMCD spectra with the theoreti-

cal partial density of empty N p states calculated by Aerts

et al. [47] shows considerable disparities that were not

well understood [35]. Clearly, to reproduce the XMCD

spectra one has to include the transition matrix elements.

Figure 5 shows the theoretically calculated x-ray ab-

sorption spectra at the N K edge as well as XMCD spectra

in GdN in comparison with the corresponding experimen-

tal data [35]. The experimentally measured XA spectrum

has a three peak structure. The first maximum in the spec-

trum is at around 400 eV which has a low energy shoulder

not reproduced in the theoretical LSDA or LSDA + U cal-

culations. The energy position of the theoretical second

peak at around 402 eV is in good agreement with the

experimental measurements. The position of the third

high-energy peak is shifted to higher energy in the theory.

Figure 5,b shows the experimental XMCD spectrum

[35] and theoretically calculated ones using the LSDA ap-

proximation and with 4 f electrons placed in the core. The

experimental spectrum is very complicated and consists

of three positive (A, B, C) and two negative (D, F) peaks.

The LSDA calculations as well the calculations with 4 f

electrons in the core give a completely inadequate de-

scription of the shape of N K XMCD spectrum. The most

prominent discrepancy in the LSDA XMCD spectrum is

the resonance structure with negative and positive peaks

at around 396 to 398 eV which is caused by the strong hy-

bridization of unoccupied Gd N p states with the 4 f states

situated too close to the Fermi level in the LSDA calcula-

tions. This structure disappears when we put 4 f electrons

in core.

The N 2 p–Gd (4 f , 5d) hybridization and the spin-orbit

interaction in the 2 p states play crucial roles for the N K

edge dichroism. The K XMCD spectra come from the or-

bital polarization in the empty p states, which may be in-

duced by (1) the spin polarization in the p states through

the spin-orbit interaction, and (2) the orbital polarization

at neighboring sites through hybridization. We calculated
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Fig. 5. (a) The experimental [35] (circles) isotropic absorption

spectrum of GdN at the N K edge in comparison with the cal-

culated ones [36] using the LSDA (full line) and LSDA + U ap-

proximations without (dashed line) and with (dotted line) tak-

ing into account the core hole-effect. Experimental spectra

were measured with external magnetic field (0.1 T) at 15 K.

Dashed-dotted line shows the theoretically calculated back-

ground spectrum. (b) Experimental [35] (circles) XMCD spec-

trum of GdN at the Gd K edge in comparison with theoreti-

cally calculated ones using the LSDA (full line) and putting

the 4 f states in core (dashed line) approximations; (c) experi-

mental (circles) XMCD Gd K spectrum in comparison with

theoretically calculated using the LSDA + U approximation

with (full line) and without (dashed line) taking into account

the core-hole effect.



the K XMCD spectrum at N site with turning the SOI off

separately on the N 2 p states and at the Gd site (at both the

4 f and 5d states), respectively. We found that the K

XMCD spectrum is slightly changed when the SOI on the

N site is turned off, while the spectrum almost disappears

(reduced its intensity almost two order of magnitude) when

the SOI on the Gd site is turned off. This indicates that the

SOI on Gd site is influencing the orbital mixture of N 2 p

states through the N (2 p)–Gd (d f, ) hybridization.

The LSDA +U approach (Fig. 5,c) improves the agree-

ment between theory and the experiment, especially in

describing the peak B. However, LSDA +U theory fails to

produce the peak A, besides the peaks B and D are shifted

toward lower energy at around 0.6 eV in comparison with

the experimental measurements. Also for the energies

higher than peak C theory gives some additional oscillat-

ing structures, while the experimental spectrum is a

smooth positive function of energy.

We investigate also the core-hole effect in the final

state using the supercell approximation. In our calcula-

tions we used a supercell containing eight conventional

GdN cells. At one of the eight N atoms we create a hole at

the 1s level for the self-consistent LSDA + U calculations

of the K spectrum. We found that the core-hole interactions

significantly improve the agreement between theoretically

calculated and experimentally measured N K XMCD spec-

tra (Fig. 5,c). The oscillation behavior of the high-energy

part of the theoretical spectrum above 405 eV could possi-

bly be damped by the quasiparticle life-time effect, which

is not taken into account in our calculations. The core-hole

effect improves also the agreement in the energy position

of the third high-energy peak in the XAS (Fig. 5,a).

However, all the calculations were not able to produce

the first maximum of the N K XAS above the edge at

around 400 eV. One of the possible reasons for such dis-

agreements might be the surface effect. The N K edge oc-

curs at a relatively small energy and one would expect

larger surface affects at the N K edge than, for example, at

the Gd M 4 5, or L2 3, edges. To model the surface effects

we carried out band structure calculations using a tetra-

gonal supercell containing 4 unit cells of GdN along the z

direction in which 3 GdN layers are replaced by 3 layers

of empty spheres. We calculated the XAS and XMCD

spectra at N K edge for such a 5 layer slab separated by

3 layers of empty spheres (5/3 multilayered structure

(MLS)) using the LSDA + U approximation. We also car-

ried out the band structure calculations for a 9 layer slab

separated by 3 layers of empty spheres (9/3 MLS). We

found that the K XMCD spectrum for N in the middle of

the 9/3 MLS (5th layer) is identical to the corresponding

bulk LSDA +U spectrum (not shown). The corresponding

spectrum for the middle layer in the 5/3 MLS (3th layer) is

still slightly different from the bulk spectrum, therefore

the convergence was achieved only in the 9/3 MLS. Fi-

gure 6 shows the N p empty partial DOS’s for the surface

layer in the 9/3 MLS and the bulk structure in comparison

with the experimental XA spectrum at the N K edge. It can

be seen that the partial DOS strongly increases at the first

maximum above the edge for the surface layer.

Actually the importance of the surface effect has some

experimental evidence. The authors of Ref. 35 mention

that the spectral feature at 400 eV was not contained in a

preliminary N K edge XA spectrum recorded on a Cr-co-

vered 30 � GdN layer using the total fluorescence yield

detection mode due to the larger probing depth of this

method compared to the measurements with the total elec-

tron yield (TEY) detection in Ref. 35. This indicates that

the first maximum above the edge in the XA spectrum at

400 eV is likely related to the GdN surface or interface

where the TEY detection is sensitive. The peak is a signa-

ture of the surface GdN XA behavior of the sample. This

also applies for the slowly rising part of the XMCD signal

below 400 eV. This result supports our conclusion that the

first maximum above the edge in the XA spectrum might

be related to the GdN surface or interface.

It is also important to note that the energy position of

the first XA maximum above the edge at around 400 eV

coincides with the position of the Gd 4 f DOS and any

kind of change in the N 2 p–Gd 4 f hybridization (which we

discussed in previous paragraph) might influence the inten-

sity of the XAS at that energy. The possible existence of in-

terstitial N atoms may also influence the low-energy part of

the spectrum via stronger direct Gd 4 f –N 2 p hybridization.

Due to the delocalized nature of the p states and wide

spread of p wave functions K XMCD spectra are very

sensitive to the surrounding neighborhood and, hence, the

K XMCD spectroscopy can be used as an effective probe

which can detect details of magnetic interatomic interac-

tions in rare-earth compounds.
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2. Uranium compounds

Uranium compounds exhibit rich variety of properties

to large extent because of the complex behavior of 5 f

electrons which is intermediate between the itinerant be-

havior of 3d electrons in transition metals and the local-

ized one of 4 f electrons in rare-earth compounds. The

dual character of 5 f electrons alongside with the pres-

ence of strong spin-orbit coupling make the determina-

tion of the electronic structure of U compounds a chal-

lenging task because in many of them the width of 5 f

bands, their spin-orbit splitting, and the on-site Coulomb

repulsion in the partially filled 5 f shell are of the same or-

der of magnitude and should be taken into account on the

same footing. An interest to uranium compounds has re-

cently been renewed, especially after the discovery of

such unusual effects as heavy fermion superconductivity

and coexistence of superconductivity and magnetism.

Because of the great number of papers which have

been produced in recent years on actinide intermetallics,

and in particular on heavy-fermion compounds, these

would deserve one or more specialized review articles.

Various aspects of these systems and of general

heavy-fermion systems have already been reviewed in the

past [48–60]. For this reason we will merely outline some

general concepts relevant to uranium intermetallics,

rather than doing a systematic review of all their physical

properties.

For heavy-fermion compounds the attribute «heavy»

is connected to the observation of a characteristic energy

much smaller than in ordinary metals that reflects a ther-

mal effective mass m* of the conduction electrons orders

of magnitude larger than the bare electron mass. These

heavy masses manifest themselves, for example, by

a large electronic coefficient � of the specific heat C

( for )� 	 �C/T T 0 , an enhanced Pauli susceptibility, a

huge T 2 term in the electrical resistivity, and highly tem-

perature-dependent de Haas–van Alphen oscillation

amplitudes at very low temperatures. The large m* value

is usually believed to derive from the strong correlation

electrons. While at high temperature the 5 f electrons and

conduction electrons interact weakly, at low temperature

these two subsets of electrons become strongly coupled,

resulting in the formation of a narrow resonance in the

density of states near the Fermi energy. Thus, at a suffi-

ciently low temperature, the heavy-fermion compounds

behave like a system of heavy itinerant electrons, the

properties of which can be described in the framework of

a Landau Fermi-liquid formalism.

Among uranium heavy-fermion compounds supercon-

ductivity is observed in UBe13, UPt3, URu2Si2, U2PtC2,

UPd2Al3, and UNi2Al3. Superconductivity usually in

these compounds coexists with AF order and this has led

to the suggestion that the effective attractive interaction

between the superconducting electrons may be mediated

by spin fluctuations, rather than by the electron-phonon

interaction. This is supported by the fact that the observed

superconducting states are highly anisotropic, with nodes

in the gap function not explainable by a s-wave theory.

A fascinating aspect of this class of compounds is the

observation that, within the heavy-fermion regime, a

wealth of ground states can occur. Although a myriad of

experiments have been devoted to the characterization of

these ground states, a comprehensive understanding of

heavy-fermion properties at low temperature is still lack-

ing. The heavy-fermion ground-state properties are

highly sensitive to impurities, chemical composition, and

slight changes of external parameters. This sensitivity in-

dicates that a subtle interplay between different interac-

tions produces a richness of experimental phenomena. It

is widely believed that the competition between the

Kondo effect (reflecting the interaction between the lo-

calized 5 f moments and the conduction electrons) and

the magnetic correlations between the periodically ar-

ranged 5 f moments constitutes the key factor for as far as

the magnetic properties of heavy-fermion compounds are

concerned [48].

The x-ray magnetic circular dichroism technique de-

veloped in recent years has evolved into a powerful mag-

netometry tool to separate orbital and spin contributions

to element specific magnetic moments. Study of the 5 f

electron shell in uranium compounds is usually per-

formed by tuning the energy of the x-ray close to the M 4 5,

edges of uranium (located at 3552 and 3728 eV, respec-

tively) where electronic transitions between 3d 3 2 5 2/ , / and

5 f 5 2 7 2/ , / states occur. Recently XMCD measurements have

been successfully performed for uranium compounds such

as US [61,62], USb0.5Te0.5 [63], U xLa1�xS [64], UBe13 and

UPt3 [65], UFe2 [66,67], UNi2Al3 [68], UPd2Al3 and

URu2Si2 [69], URhAl [70], UCoAl and UPtAl [71].

There are some features in common for all the uranium

compounds investigated up to now. First, the dichroism at

the M 4 edge is much larger, sometimes of one order of

magnitude, than at the M 5 one. Second, the dichroism at

the M 4 edge has a single negative lobe that has no distinct

structure, on the other hand, two lobes, a positive and a

negative one, are observed at the M 5 edge. Concerning

the line shape of the XMCD signal, the investigated me-

tallic uranium compounds fall into two types according to

a relative intensity of the positive and negative lobes ob-

served at the M 5 edge. The two lobes have almost equal

intensity for UP3, UPd2Al3, UPtAl, and UBe13. On the

other hand, the positive lobe is smaller in comparison with

the negative one for US, USb0.5Te0.5, UFe2, URu2Si2,

UCoAl, and URhAl.

With the aim of undertaking a systematic investigation

of the trends in uranium compounds we present the theo-

retically calculated electronic structure and XMCD spec-

tra at M 4 5, edges for the following uranium compounds:
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UPt3, URu2Si2, UPd2Al3, UNi2Al3, UBe13, UFe2, UPd3,

UXAl (X = Co, Rh, and Pt), and UX (X = S, Se, and Te).

The first five compounds belong to heavy-fermion super-

conductors, UFe2 is widely believed to be an example of

compound with completely itinerant 5 f electrons, while

UPd 3 is the only known compound with completely local-

ized 5 f electrons. The electronic structure and XMCD

spectra of UGe2 which possesses simultaneously ferro-

magnetism and superconductivity also presented.

2.1. Intermetallic compounds

2.1.1. UFe 2

Figure 7 shows the calculated fully relativistic spin-po-

larized partial 5 f density of states of ferromagnetic UFe2

[72]. Because of the strong spin-orbit interaction of 5 f

electrons, j /	 5 2 and j /	 7 2 states are well separated in

energy and the occupied states are composed mostly of

5 5 2f / states whereas 5 f 7 2/ states are almost empty. One

can note, however, that an indirect hybridization between

j /	 5 2 and j /	 7 2 states via Fe 3d states is rather strong.

In order to compare relative amplitudes of M 4 and M 5

XMCD spectra we first normalize the corresponding iso-

tropic x-ray absorption spectra (XAS) to the experimental

ones taking into account the background scattering inten-

sity. Figure 8 shows the calculated isotropic x-ray absorp-

tion and XMCD spectra in the LSDA and LSDA + U (OP)

approximations together with the experimental data [66].

The contribution from the background scattering is

shown by dashed lines in the upper panel of Fig. 8.

The experimentally measured dichroic M 4 line con-

sists of a simple nearly symmetric negative peak that has

no distinct structure. Such a peak is characteristic of the

M 4 edge of all uranium systems. The dichroic line at the

M 5 edge has an asymmetric s shape with two peaks — a

stronger negative peak and a weaker positive peak. The

dichroism at the M 4 edge is more than two times larger

than at the M 5 one.

Because of the electric dipole selection rules (�l 	 
 1;

�j 	 
0 1, ) the major contribution to the absorption at the

M 4 edge stems from the transitions 3 53 2 5 2d f/ /�

and that at the M 5 edge originates primarily from

3 55 2 7 2d f/ /� transitions, with a weaker contribution

from 3 55 2 5 2d f/ /� transitions. For the later case the cor-

responding 3 55 2 7 2d f/ /� radial matrix elements are only

slightly smaller than for the 3 55 2 7 2d f/ /� transitions.

The angular matrix elements, however, strongly suppress

the 3 55 2 5 2d f/ /� contribution. Therefore the contribu-

tion to XMCD spectrum at M 5 edge from the transitions

with �j 	 0 is about 15 times smaller than the transitions

with �j 	1.

The selection rules for the magnetic quantum number

m j (m j is restricted to � �j j, ... ) are �m j 	 � 1 for � = +1

and �m j 	 �1 for � 	 �1. Table 2 presents the dipole al-

lowed transitions for x-ray absorption spectra at M 5 and

M 4 edges for left (� 	 � 1) and right (� 	 �1) polarized

x-rays.

To go further, we needs to discuss the characteristic of

the 5 f empty DOS. Since l and s prefer to couple antiparallel

for less than half-filled shells, the j l s /	 � 	 5 2 has a lower

energy than the j l s /	 � 	 7 2 level. Due to the intra-ato-

mic exchange interaction the lowest sublevel of the

j /	 5 2 will be m /5 2 5 2/ 	 � , however, for the j /	 7 2 the

lowest sublevel will be m /7 2 7 2/ 	 � . This reversal in the
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energy sequence arises from the gain in energy due to

alignment of the spin with the exchange field [65].

Table 2. The dipole allowed transitions from core 3 3 2 5 2d / , / levels

to the unoccupied 5 f 5 2 7 2/ , / valence states for left (� 	 �1) and

right (� 	 �1) polarized x-rays

Edge � = +1 � = –1

M5

–5/2 � –3/2 –5/2 � –7/2

–3/2 � –1/2 –3/2 � –5/2

–1/2 � +1/2 –1/2 � –3/2

+1/2 � +3/2 +1/2 � –1/2

+3/2 � +5/2 +3/2 � +1/2

+5/2 � +7/2 +5/2 � +3/2

M4

–3/2 � –1/2 –3/2 � –5/2

–1/2 � +1/2 –1/2 � –3/2

+1/2 � +3/2 +1/2 � –1/2

+3/2 � +5/2 +3/2 � +1/2

The 5 f 7 2/ states are almost completely empty in all the

uranium compounds. Therefore all the transitions listed

in Table 2 are active in the M 5 absorption spectrum. The

contribution from the first four transitions for � 	 � 1can-

cels to a large extent with the contribution of the opposite

sign from the last four transitions for � 	 �1 having the

same final states. Thus the XMCD spectrum of U at the

M 5 edge (I 	 ��� � � ) can be roughly approximated by

the following sum of m j -projected partial densities of

states [72]: (N �7 2
7 2

/
/ + N N� �5 2

7 2
7 2
7 2

/
/

/
/) ( + N 5 2

7 2
/
/ ). Here we use

the notation N
m

j

j
for the density of states with the total

momentum j and its projection m j . As a result, the shape

of the M 5 XMCD spectrum contains of two peaks of op-

posite signs — a negative peak at lower energy and a posi-

tive peak at higher energy. As the separation of the peaks

is smaller than the typical lifetime broadening, the peaks

cancel each other to a large extent, thus leading to a rather

small signal. Since the splitting of states with m mj j	 
 | |

increases with the increase of the magnetization at the U

site, the amplitude of the M 5 spectrum should be propor-

tional to the U magnetic moment.

A rather different situation occurs in the case of the

M 4 x-ray absorption spectrum. Usually in uranium com-

pounds the U atom is in 5 f 3 (U 3� ) or 5 f 2 (U 4� ) confi-

gurations and has partly occupied 5 f 5 2/ states. In the first

case the 5 f 5 2/ states with m /j 	 �5 2, �3 2/ , and �1 2/ are

usually occupied. The dipole allowed transitions for � 	 � 1

are �1 2/ � � 1 2/ , � 1 2/ � � 3 2/ and � 3 2/ � � 5 2/ and

those for � 	 �1 are � � �3 2 1 2/ / . The transitions with

the same final states m j = +1/2 mostly cancel each other

and the XMCD spectrum of U at the M 4 edge can be

roughly represented by the sum [72] � �( )/
/

/
/N N3 2

5 2
5 2
5 2 . The

corresponding analysis for the 5 f 2 (U 4� ) configuration

with occupied f 5 2 5 2/ , /� and f 5 2 3 2/ , /� states shows that the

dipole allowed transitions for � 	 � 1 are � � �3 2 1 2/ / ,

� � �1 2 1 2/ / , � � �1 2 3 2/ / , and � � �3 2 5 2/ / and for

� 	 �1: � � �1 2 1 2/ / and � � �3 2 1 2/ / . Again , the

XMCD spectrum of U at the M 4 edge can be approxi-

mated by � �( )/
/

/
/N N3 2

5 2
5 2
5 2 [72]. This explains why the

dichroic M 4 line in uranium compounds consists of a sin-

gle nearly symmetric negative peak.

We should note, however, that the explanation of the

XMCD line shape in terms of m j -projected DOS’s pre-

sented above should be considered as only qualitative.

First, there is no full compensation between transitions

with equal final states due to difference in the angular ma-

trix elements; second, in our consideration we neglect

cross terms in the transition matrix elements; third, there

is no pure 5 f 3 or 5 f 2 configurations in uranium com-

pounds. It is always difficult to estimate an appropriate

atomic 5 f occupation number in band structure calcula-

tions. Such a determination is usually obtained by the in-

tegration of the 5 f electron charge density inside of the

corresponding atomic sphere. In the particular UFe2 case,

the occupation number of U 5 f states is around 2.9 in the

LSDA calculations. We, however, should keep in mind

that some amount of the 5 f states are derived from the

so-called «tails» of Fe 3d states arising as a result of the

decomposition of the wave function centered at Fe atoms.

The careful analysis in the case of UPd3 presented in

Ref. 73 shows that the occupation number of the «tails» of

Pd 4d states sum up to give the 5 f occupation of 0.9 elec-

trons in the U atomic sphere. We should also note that due

to the strong hybridization between U 5 f and Fe 3d

states, the U 5 f 7 2/ states in UFe2 are not completely

empty, some of them are occupied, also some amount of U

5 f 5 2/ states, which we have been considering as fully oc-

cupied, are partially empty.

The overall shapes of the calculated and experimental

uranium M 4 5, XMCD spectra correspond well to each

other (Fig. 8). The major discrepancy between the calcu-

lated and experimental XMCD spectra is the size of the

M 4 XMCD peak. The LSDA underestimates the integral

intensity of the XMCD at the M 4 edge. As the integrated

XMCD signal is proportional to the orbital moment [74]

this discrepancy may be related to an underestimation of

the orbital moment by LSDA-based computational me-

thods. On the other hand, the LSDA + U (OP) approxima-

tion gives larger intensity for the M 4 XMCD spectrum in

comparison with the experimentally measured one. It re-

flects the overestimation of the orbital moment at U site in

the LSDA + U (OP) calculations. In the case of the M 5

XMCD spectrum, the LSDA reproduces the amplitude of

the positive peak and overestimates the amplitude of the
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negative peak. The LSDA + U (OP) approximation, in

contrast, gives good agreement in the amplitude of the

negative peak but overestimates that of the positive peak.

To investigate the influence of the initial state on the

resulting U XMCD spectra we calculated also the XAS

and XMCD spectra of UFe2 compound at the N 4 5, and

O4 5, edges (not shown). We found a substantial decrease

of the XMCD in terms of R /	 �� �( )2 0 at N 4 5, edges in

comparison with the M 4 5, ones. The theoretically calcu-

lated dichroic N 4 line consists of a simple nearly symmet-

ric negative peak that has no distinct structure as was

observed at the M 4 XMCD spectrum. The LSDA calcula-

tions give much smaller dichroic signal at the N 4 edge in

comparison with the LSDA + U ( )OP calculations. The

dichroic line at the N 5 edge is reminiscent of the corre-

sponding M 5 spectrum and has an asymmetric s shape

with two peaks — a stronger negative peak and much

weaker positive peak. In contrast to the dichroism at the

M 4 5, edges where XMCD at M 4 edge is more than two

times larger than at the M 5 one, the dichroism at the N 4

edge has almost the same intensity as at the N 5 edge.

Due to MO selection rules the O4 XMCD spectrum re-

sembles the M 4 spectrum, whereas the O5 spectrum is

similar to the M 5 one. Because of the relatively small

spin-orbit splitting of the 5d states of U ( � 11 eV), the O4

and O5 spectra almost overlap each other. The magnetic

dichroism at quasi-core O4 5, edges is of one order of mag-

nitude larger than the dichroism at the N 4 5, edges and be-

come almost as large as that at the M 4 5, edge. Besides, the

lifetime broadening of the core O4 5, levels is much

smaller than the broadening of the M 4 5, ones [75]. There-

fore the spectroscopy of U atoms in the ultra-soft x-ray

energy range at the O4 5, edges may be a very useful tool

for investigation of the 5 f electronic states in magnetic U

materials.

The XAS at the M 4 5, , N 4 5, , and O4 5, edges involve

electronic transitions between nd 3 2 5 2/ , / (n = 3, 4, and 5)

and 5 f 5 2 7 2/ , / states and therefore are used to study of the

5 f empty electronic states in uranium compounds. To

investigate the 6d states of U one should tune the energy of

the x-ray close to the M 2 3, , N 2 3, , O2 3, , or N 6 7, edges

of uranium. The first three doublets are due to the

np d1 2 3 2 3 2 5 26/ , / / , /� (n = 3, 4, and 5) interband transitions.

Figure 9 presents the theoretically calculated XMCD

spectra of U M 2 3, , N 2 3, , and O2 3, edges. The XMCD sig-

nals at these edges are two order of magnitude less than

the corresponding signals at the M 4 5, edges.

Because of the dipole selection rules, apart from the

ns1 2/ states (which have a small contribution to the XAS’s

due to relatively small np s� 7 matrix elements only

6 3 2d / states occur as final states for the M 2, N 2, and O2

XAS’s for unpolarized radiation, whereas for the M 3, N 3,

and O3 XAS’s the 6d 5 2/ states also contribute. Although

the np d3 2 3 26/ /� radial matrix elements are only slightly

smaller than for the np d3 2 5 26/ /� transitions the angular

matrix elements strongly suppress the np d3 2 3 26/ /� con-

tribution. Therefore, neglecting the energy dependence of

the radial matrix elements, the M 2, N 2, and O2 absorp-

tion spectra can be viewed as a direct mapping of the DOS

curve for 6d 3 2/ , and the M 3, N 3, and O3 XAS’s reflect the

DOS curve for 6d 5 2/ states. The shape of X 3 (X M N	 , ,

or O) XMCD spectra consists of two peaks of opposite

sign — a negative peak at lower energy and a positive

peak at higher energy. The shape of X 2 (X M N	 , , or O)

XMCD spectra also have two peaks of an opposite sign,
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but the negative peaks situated at higher energy and the

positive peak at lower energy (Fig. 9).

Figure 9 also presents the theoretically calculated

XMCD spectra at U N 6 7, edges. Because of the electric

dipole selection rules the major contribution to the ab-

sorption at the N 7 edge stems from the transitions

4 67 2 5 2f d/ /� and that at the N 6 edge originates primar-

ily from 4 65 2 3 2f d/ /� transitions (the contribution from

4 65 2 5 2f d/ /� transitions are strongly suppressed by the

angular matrix elements). The XMCD signals at these

edges are even smaller than the corresponding signals at

the X 2 3, (X M N	 , , or O) edges. Because of the relatively

small spin-orbit splitting of the 4 f states of U, the N 6 and

N 7 spectra have an appreciable overlap. Besides, in the

case of N 6 7, XAS one would expect a strong electrostatic

interaction between the created 4 f core hole and the va-

lence states. It can lead to an additional multiplet struc-

ture in the XAS and XMCD spectra at the N 6 7, edges. We

have not considered multiplet structure in our XMCD cal-

culations. This structure can be captured using full atomic

multiplet structure calculations.

We also calculated the x-ray magnetic circular

dichroism at the Fe K , L2 3, , and M 2 3, edges, with the re-

sults being presented in Fig. 10. For comparison we also

show the XMCD spectra in bcc Fe. Although the XMCD

signal at the Fe K edge has almost the same amplitude

both in bcc Fe and UFe 2, their shapes are quite different

(Fig. 10).

The dichroism at Fe L2 and L3 edges is influenced by

the spin-orbit coupling of the initial 2 p core states. This

gives rise to a very pronounced dichroism in comparison

with the dichroism at the K edge. Figure 10 shows the the-

oretically calculated Fe L2 3, XMCD spectra in UFe 2 and

bcc Fe. The dichroism at the L3 edge has a negative sign

and at the L2 edge a positive one. The XMCD dichroic

signals at the Fe L2 3, and M 2 3, edges are three times

smaller in UFe 2 than the corresponding XMCD in bcc Fe

due to strongly reduced magnetic moment at the Fe site in

UFe 2 in comparison with pure Fe. Besides, the shape of

the spectra is more asymmetrical in UFe 2.

The magnetic dichroism at the Fe M 2 3, edges is much

smaller than at the L2 3, edges (Fig. 10). Besides the M 2

and the M 3 spectra are strongly overlapped and the M 3

spectrum contributes to some extent to the structure of the

total M 2 3, spectrum in the region of the M 2 edge. To de-

compose a corresponding experimental M 2 3, spectrum

into its M 2 and M 3 parts will therefore be quite difficult

in general. It worth mentioning that the shape of Fe L3 and

M 3 XMCD spectra are very similar.

2.1.2. UXAl (X = Co, Rh, and Pt)

The group of ternary uranium compounds with compo-

sition UTX, where T is a transition metal (Fe–Ni and 4d,

5d equivalents) and X a p element (Al, Ga, Ge, Sn), has

recently attracted attention [76]. These compounds pro-

vide wide possibilities for study via the variation of atom

types. The compounds forming with atoms to the left of

the transition metal series (Fe, Co, and Ru) are paramag-

netic — although UCoAl is metamagnetic — while

URhAl, UIrAl and UPtAl are ferromagnetic and UNiAl is

antiferromagnetic.

One of the key questions to be addressed when dis-

cussing actinide compounds is the degree of localization

of the 5 f electrons, which may range from nearly local-

ized to practically itinerant, depending on the specific

compound. Since the 5 f electrons are simultaneously in-

volved in the chemical bonding and magnetism, a broad

variety of physical properties may emerge from the degree

of 5 f localization. UTAl (T = Co, Rh, and Pt) compounds

have been also considered in this respect [71,77–80].
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UCoAl shows no magnetic ordering down to the low-

est temperatures, but in a relatively low magnetic field, of

about 0.7 T, applied along the c axis a metamagnetic tran-

sition to a ferromagnetic state is observed at low tempera-

tures. The metamagnetic transition in UCoAl is attributed

to band metamagnetism [71]. The metamagnetism is in-

duced only when the magnetic field is applied along the c

axis, whereas in fields in a perpendicular direction UCoAl

behaves like a Pauli paramagnet and no metamagnetic

transition is observed in magnetic fields up to 42 T [77].

The strong uniaxial magnetic anisotropy is preserved in

UCoAl, at least up to room temperature. It is of interest to

note a rather low ordered magnetic moment of UCoAl

which amounts to 0.30 � B /f.u. at 4.2 K, above the meta-

magnetic transition. The moment steadily increases with

magnetic field, showing no saturation tendency up to 35 T

where it reaches the value of 0.6 � B /f.u. [77,78].

The UPtAl compound is an appropriate reference system

for the same structure and with composition and bonding

similar to that of UCoAl. It orders ferromagnetically below a

TC of 43 K with a saturated magnetization of 1.38 � B /f.u.

at 2 K in fields applied along the c axis [81]. The strong

uniaxial anisotropy is manifested by the fact that the mag-

netization measured along the a axis is much smaller and

has no spontaneous component. In fact, it resembles the

magnetic response of a paramagnet exhibiting 0.28

� B /f.u. at 40 T.

As for the URhAl compound, a sizable induced mo-

ment of 0.28 � B on the Rh atom within the basal uranium

plane was detected in a polarized neutron study, whereas,

interestingly, only a very small induced moment of 0 03. � B

was detected on the equally close Rh site out of the plane

[79]. The large anisotropy in the induced Rh moments

clearly reflects the anisotropy of the U(5 f )–Rh(4d) hy-

bridization: a strong hybridization occurs between the va-

lence orbitals of the U and Rh atoms within the basal

plane, but the hybridization between the valence orbitals

of the U atom and those of the equally close Rh atom in

the adjacent plane is much smaller.

Later, inelastic neutron-scattering experiments found

a peak at 380 meV, which was interpreted as the signature

of an intermultiplet transition [80], thus promoting the lo-

calized picture. The 380 meV peak occurred at the same

energy where a uranium intermultiplet transition was ob-

served [82] in UPd 3, which is one of the uranium com-

pounds where the 5 f electrons are undoubtedly localized.

Five electronic band structure calculations for URhAl

were carried out recently [71,83–86]. These indicated,

first, that the bonding and magnetism are governed by the

U (5 f )–Rh (4d) hybridization [84] and, second, that the

calculated magneto-optical Kerr spectrum [83] — based

on the assumption of delocalized 5 f ’s — compares rea-

sonably well to the experimental Kerr spectrum. Besides,

the authors of Ref. 85 were able to describe satisfactory

the equilibrium volume, bulk modulus, and magneto-

crystalline anisotropy in URhAl using the LSDA-based

full potential relativistic LAPW method. Somewhat less

well explained were the uranium orbital moment and the

XMCD spectra.

Experimental and theoretical x-ray magnetic circular

dichroism studies of the intermetallic compounds UCoAl

and UPtAl at the uranium M 4 and M 5 edges are reported

in Ref. 71. The results show that the orbital-to-spin mo-

ment ratio is of comparable value, M /Ml s � �2, for both

compounds. The reduction of the M /Ml s ratio compared

to the U 3 � (5 f 3) free ion value of �2 57. , and the sizable

decrease of orbital and spin moments, especially for

UCoAl, indicate a significant delocalization of the 5 f elec-

tron states in these compounds.

1. Band structure. UTAl (T = Co, Rh, or Pt) crystallize

in the hexagonal ZrNiAl structure (Fe2P type), which

contains three formula units per unit cell. The ZrNiAl

structure has a layered structure, consisting of planes of

uranium atoms admixted with one-third of the T atoms,

that are stacked along the c axis, while two adjacent ura-

nium planes are separated from one another by a layer

consisting of the remaining T atoms and the Al atoms.

The uranium atoms have transition metal nearest neigh-

bors and vice versa, so both uranium and T atoms are well

separated from atoms of the same type. The uranium

interlayer exchange coupling is relatively weak and de-

pends sensitively on the specific T elements, which gives

rise to a variety of magnetic behaviors observed in the

UTX compounds [76].

The fully relativistic spin-polarized LSDA energy

band structure and total density of states of the ferromag-

netic UTAl (T = Co, Rh, and Pt) compounds are shown in

Fig. 11 [86]. The bands in the lowest region of UPtAl, be-

tween �9.2 and �6.0 eV, have mostly Al s character with a

small amount of U spd and Al p character mixed in. The

energy bands between �6.0 and �3.0 eV are predomi-

nantly Pt 5d states. Due to increasing of the spatial expan-

sion of valence transition metal d states in going from Co

to Pt the corresponding d energy widths are increased and

shifted downwards. Co 3d energy bands are occupied in

the �1.2 to �2.8 eV energy interval in UCoAl, the 4d

bands of Rh in URhAl are situated in the �2.0 to �4.5 eV

energy range, and Pt 5d bands are in the �3.0 to �6.0 eV

interval. Therefore the valence d energy band widths are

equal to 1.6, 2.5, and 3.0 eV in UCoAl, URhAl, and

UPtAl, respectively (Fig. 11). The U 5 f energy bands oc-

cupy the same energy interval above and below E F in all

the compounds under consideration, namely, about �1.0

to 2.0 eV. There is a strong hybridization between the

U 6d, transition metal d, and Al p states.

The itinerant character of electron states usually im-

plies a strong reduction of the orbital magnetic moment

with respect to the free-atom expectation value. Never-
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theless, in contrast to 3d electrons in transition metals,

sizable orbital magnetic moments are observed in U

intermetallic compounds with apparently strongly

delocalized 5 f electrons. It is the very strong spin-orbit

coupling present in actinides that enhances an orbital mo-

ment in the case of itinerant 5 f electron states. Analyzing

spin and orbital magnetic moments in various actinide

compounds, Lander et al. suggested that the ratio of the

orbital to the spin moments provides information on the

strength of 5 f ligand hybridization, and consequently the

delocalization of the 5 f electrons [87]. The individual

values of orbital and spin components, however, contain

essential information, and therefore relevant experiments

and first-principles electronic structure calculations

which independently evaluate orbital and spin moments

become an important issue for 5 f electron compounds.

The recently developed x-ray magnetic circular dich-

roism experimental method combined with several sum

rules [74,88] has attracted much attention as a site- and

symmetry-selective way to determine M s and M l . It

should be mention, however, that the reported quantita-

tive results inferred from the XMCD spectra are based on

a sum rule analysis of the spin-orbit split spectra of the

core levels of uranium. The sum rules enable one to esti-

mate the spin and orbital components of the uranium ions,

however, the values of magnetic moments rely on theoret-

ical inputs such as the number of holes in the 5 f subshell

and a value of the dipolar term. In particular, the spin mo-

ment is retrieved with a higher relative error. Comparing

the XMCD-derived moments with the results of polarized

neutron diffraction and first-principles calculations, one

usually obtains smaller moments from the XMCD sum

rules for uranium compounds [71,85]. A more reliable

quantity that can be extracted from the sum rule analysis

is the ratio between orbital and spin moments and their

relative orientation.

Table 3 lists the calculated spin M s , orbital M l , and to-

tal M t magnetic moments (in � B ) of UTAl (T = Co, Rh,

and Pt) as well as the ratio M l /M s [86]. Our LSDA results

are in good agreement with previous LSDA-based calcu-

lations [71,85]. All the LSDA calculations strongly un-

derestimate the orbital moment in the compounds. The

inclusion of the orbital polarization (OP) correction in

Ref. 84 brings the calculated total U moment in URhAl to

0.60 � B , in better agreement with experiment (0.94 � B

according to Ref. 79) in comparison with the LSDA cal-

culations (Table 3).

Table 3. The experimental and calculated spin Ms, orbital Ml, and

total Mt magnetic moments at the uranium site (in �B) of UCoAl,

URhAl, and UPtAl

Compound Method Ms Ml Mt –Ml/Ms

LSDA –0.92 1.09 0.17 1.18

LSDA +U(OP) –1.14 2.29 1.15 2.01

UCoAl LSDA +U –1.50 3.47 1.97 2.31

LSDA [71] –1.01 1.19 1.18 1.18

exper. [71] — — — 1.95

LSDA –1.23 1.72 0.49 1.40

LSDA +U(OP) –1.40 2.94 1.54 2.10

LSDA +U –1.66 3.83 2.17 2.31

URhAl LSDA [71] –1.22 1.59 0.37 1.30

LSDA [85] –1.24 1.63 0.39 1.31

LSDA + OP [84] –1.01 1.61 0.60 1.59

exper. [79] –1.16 2.10 0.94 1.81

LSDA –1.63 2.08 0.45 1.28

LSDA +U(OP) –1.60 3.32 1.72 2.08

UPtAl LSDA +U –1.85 4.26 2.41 2.30

LSDA [71] –1.63 2.06 0.43 1.26

exper. [71] — — — 2.10

As mentioned, we also carried out energy band struc-

ture calculations for the UTAl compounds using a gene-
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ralization of the LSDA + U method [73]. In these calcula-

tions we used U J	 	 0 5. eV, which gives U eff = 0 (the

LSDA + U (OP) approximation) as well as U 	 2 0. eV and

J 	 0 5. eV. Figure 12 shows the 5 f 5 2/ partial density of

states in UPtAl calculated in the LSDA, LSDA + U (OP),

and LSDA + U approximations. As can be seen from

Fig. 12 the LSDA + U (OP) approximation, which takes

into account the correlations between spin and orbital

magnetic moment directions, strongly affects the relative

energy positions of m j projected 5 f density of states and

substantially improves their orbital magnetic moments

(Table 3). The ratio M l /M s in the LSDA +U (OP) calcula-

tions is equal to 2.01, 2.10, and 2.08 for UCoAl, URhAl,

and UPtAl, respectively. The correspondent experimental

data are 1.95, 1.81, and 2.10 estimated from the XMCD

measurements [71].

The orbital magnetic moments calculated in the

LSDA + U approximation with U 	 2 0. eV and J 	 0 5. eV

are larger than those calculated using U J	 	 0 5. eV,

which leads to slightly overestimated ratio M l /M s in

comparison with the experimental data (Table 3).

2. XMCD spectra. Figure 13 shows the calculated

x-ray isotropic absorption and XMCD spectra in the

LSDA, LSDA + U (OP), and LSDA + U approximations

for UPtAl [86] together with the experimental data [71].

To calculate the x-ray isotropic absorption M 4 5, spectra

we take into account the background intensity which ap- pears due to the transitions from inner levels to the

continuum of unoccupied levels [89].

Due to underestimation of the orbital magnetic moment

the theory produces much smaller intensity of the XMCD

spectrum at the M 4 edge in comparison with the experi-

ment in the LSDA calculations and simultaneously gives a

larger dichroic signal at the M 5 edge of UPtAl (Fig. 13).

On the other hand, the LSDA + U (OP) approximation pro-

duces an excellent agreement not only for the value of the

magnetic moments but also in the shape and intensity of

XMCD spectra both at the M 4 and M 5 edges. The LSDA +

U approximation with U 	 2 0. eV and J 	 0 5. eV overesti-

mates the negative signal at the M 4 edge due to the overes-

timation of the U orbital magnetic moment. This approxi-

mation also underestimates the positive peak and strongly

overestimates the negative one at the M 5 edge (Fig. 13).

In the case of URhAl the LSDA + U (OP) approxima-

tion also produces an XMCD spectrum at the M 4 edge in

excellent agreement with experiment, but slightly overes-

timates the value of the positive shoulder at the M 5 edge

(Fig. 14). The LSDA + U approximation with U 	 2 0. eV

and J 	 0 5. eV overestimates the negative signal at the M 4

edge, although, slightly improves the agreement with the

experimental spectrum at U M 5 edge (Fig. 14).

The LSDA + U (OP) approximation overestimates and

the LSDA + U one strongly overestimates the intensity of

XMCD signal at the M 4 edge in UCoAl, probably due to

the fact that the measured spontaneous magnetic moment
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of UCoAl is far from the saturation in the experimentally

applied external magnetic field of 7 T [71]. One would ex-

pect, therefore, that in a higher magnetic field UCoAl will

have larger orbital magnetic moment and, hence, larger

dichroism at the M 4 edge. As was the case for URhAl, the

LSDA + U calculations with U 	 2 0. eV and J 	 0 5. eV

give a better description of the positive peak at the M 5

edge in UCoAl (Fig. 14).

The 5 f 7 2/ states are almost completely empty in all the

uranium compounds, therefore the XMCD spectrum of U

at the M 5 edge can be roughly represented by the follow-

ing m j projected partial density of states [72]: [N �7 2
7 2

/
/ +

� ��N N5 2
7 2

7 2
7 2

/
/

/
/] [ + N 5 2

7 2
/
/ ]. Thus the shape of M 5 XMCD

spectrum consists of two peaks of opposite sign: a nega-

tive peak at lower energy and a positive peak at higher en-

ergy. The XMCD spectrum of U at the M 4 edge can be

represented by the �[ /
/N 3 2

5 2 + N 5 2
5 2
/
/ ] DOS’s, [72] thus it

consists of a single negative peak.

In UCoAl (above the metamagnetic transition) the

dichroic line at the M 5 edge has an asymmetric s shape

with two peaks: a stronger negative peak and a weaker

positive peak. The shape of the M 5 XMCD spectrum

strongly depends on the value of the external magnetic

field, the positive peak is increased relative the negative

one upon increasing the external magnetic field from

0.9 to 7 T (see Fig. 2 in Ref. 71). From the qualitative

description of the M 5 XMCD spectra in terms of partial

density of states we can conclude that the shape of the M 5

XMCD spectrum depends on the relative energy positions

of the [N 7 2
7 2
/
/ + N 5 2

7 2
/
/ ] and [N �7 2

7 2
/

/ + N �5 2
7 2

/
/ ] partial DOS’s

which depend on the value of crystal field and Zeeman

splittings of the 5 f 7 2/ electronic states [72]. Upon increas-

ing of the external magnetic field the Zeeman splitting is in-

creased, leading to larger separations between the m j pro-

jected partial DOS’s. Figure 15 shows uranium M 5 XMCD

spectrum of UCoAl calculated in the LSDA + U (OP) ap-

proximation and the spectra calculated with [N 7 2
7 2
/
/ +

� N 5 2
7 2
/
/ ] and [N �7 2

7 2
/

/ + N �5 2
7 2

/
/ ] DOS’s artificially shifted by

10 and 20 meV. It is clearly seen that model calculations

correctly reproduce the experimental tendency in the

shape of UCoAl M 5 XMCD spectrum in the external

magnetic field.

In conclusion, the LSDA + U approximation with

U 	 2 0. eV and J 	 0 5. eV overestimates the negative sig-

nal at the M 4 edge for all the compounds under the

consideration due to the overestimation of the U orbital

magnetic moment. This approximation provides poor de-

scription of the XMCD spectrum at the M 5 edge in

UPtAl, but gives rather good agreement with the experi-

ment in the case of URhAl and UCoAl. One can conclude

that the U 5 f states in UPtAl have more itinerant charac-

ter than those in URhAl and UCoAl.

2.2. Uranium monochalcogenides

The uranium compounds US, USe, and UTe belong to

the class of uranium monochalcogenides that crystallize

in the NaCl structure and order ferromagnetically (on the

uranium sublattice) at Curie temperatures of 178, 160,

and 102 K, respectively (see, e.g., the review [49]). These

uranium compounds exhibit several unusual physical

phenomena, which are the reason for a continuing on-go-

ing interest in these compounds. Despite their relatively

simple and highly symmetrical NaCl structure, it has been

found that the magnetic ordering on the uranium atoms is
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strongly anisotropic [90,91], with the uranium moment

favoring a [111] alignment. The magnetic anisotropy in

US, e.g., is one of the largest measured in a cubic mate-

rial, with a magnetic anisotropy constant K 1 of more than

2�108 erg/cm 3 [92]. Also the magnetic moment itself is

unusual, consisting of an orbital moment that is about

twice as large as the spin moment, and of opposite sign

[93–95]. A bulk magnetization measurements [91] yields

an ordered moment of 1.55 � B per unit formula and neu-

tron scattering measurements [96] show a slightly larger

value of 1.70 � B , which is assigned to the 5 f magnetic

moment. These values are far smaller than that expected

for the free ion, indicating that some sort of «solid state

effect» takes place with the 5 f states. From several exper-

imental results (for instance, photoemission [97], electri-

cal resistivity [98], pressure dependence of Curie temper-

ature [99], and specific heat measurements [100,101]),

the 5 f electrons of US are considered to be itinerant.

It has been suggested that uranium monochalco-

genides are mixed valence systems [102]. Low-tempera-

ture ultrasonic studies on USe and UTe were performed in

the context of questioning the possibility of the coexis-

tence of magnetism and intermediate valence behavior

[103]. They found a monotonic trend of the Poisson’s ra-

tio, which decreases with increasing chalcogenide mass,

and is positive in US, negative in USe and UTe. This indi-

cates the possibility of intermediate valence in the last

two compounds. Indeed, a negative Poisson’s ratio, i.e., a

negative C12 elastic constant, is quite common for inter-

mediate valence systems, and its occurrence seems to be

due to an anomalously low value of the bulk modulus. A

negative C12 means that it costs more energy to distort the

crystal from cubic to tetragonal structure, than to modify

the volume. Thus, when uniaxially compressed along a

[100] direction, the material will contract in the [010] and

[001] directions, trying to maintain a cubic structure. An

explanation for a negative C12 may be given through

a breathing deformability of the actinide ion due to a

valence instability [104].

The dependence of the Curie temperatures TC of US,

USe and UTe on hydrostatic pressure up to 13 GPa has

been determined in Ref. 105. For USe and UTe, TC ini-

tially increases with applied pressure, passing through

maxima at pressure of about 6 and 7 GPa, respectively.

For US, TC decreases monotonically with pressure, which

is compatible with pressure-dependent itinerant electron

magnetism. Pressure increases the bandwidth and corre-

spondingly decreases the density of states at the Fermi

level, which leads to a decrease of TC . The behavior of

USe and UTe is suggestive of localized interacting 5 f

moments undergoing Kondo-type fluctuations, which be-

gin to exceed the magnetic interaction when TC passes

through maximum. A theoretical analysis of these experi-

ments is given in Ref. 106. On the basis of band structure

calculations it is argued that the nonmonotonic behavior of

TC under pressure is solely the result of pressure-driven in-

creased 5 f itineracy.

It must be remarked that the behavior of uranium

monochalcogenides cannot be explained entirely by a

simple trend of increasing localization with increasing

chalcogen mass [48]. Whereas such a trend is evident in

the dynamic magnetic response, in the pressure-depend-

ence of the Curie temperatures and in the value of the or-

dered moment, the behavior of Poisson’s ratio and of the

Curie temperature is the opposite from what one would

naively expect.

There are several band structure calculations of ura-

nium monochalcogenides in literature [95,107–116].

Kraft et al. [110] have performed the LSDA calculation

with the spin-orbit interaction in a second variational treat-

ment for ferromagnetic uranium monochalcogenides (US,

USe, and UTe) using the ASW method, and have shown

that the magnitude of the calculated orbital magnetic mo-

ment M l is larger than that of spin moment M s and they

couple in an antiparallel way to each other. However, the

magnitude of the total magnetic moment (M s + M l ) is too

small compared to the experimental data, indicating that

the calculated M l is not large enough.

The optical and MO spectra of uranium monochalco-

genides have been investigated theoretically in Refs. 107,

108, 110, 112. These theoretical spectra are all computed

from first principles, using Kubo linear-response theory,

but it appears that there are large differences among them.

Cooper and co-worker [109] find good agreement with

experiment for the real part of the diagonal conductivity

( )( )
 xx
1 of UTe, but the much more complicated off-diago-

nal conductivity (
 xy
( )2 ) of US and UTe is about 4 times

larger than experiment and also the shape of their spec-

trum is different from the experimental one. Halilov and

Kulatov [107] also find an off-diagonal conductivity

which is much larger than the experimental one, but they

additionally obtain a diagonal conductivity 
 xx
( )1 that dif-

fers substantially from experiment. Gasche [108] find a

Kerr rotation spectrum of US that is quite different from

experiment, and subsequently consider the effect of an or-

bital polarization term to improve the ab initio Kerr spec-

tra. Kraft et al. [110] obtained for US, USe, and UTe rea-

sonable agreement with experiment for the absolute value

of the Kerr spectra. However, the shape of the Kerr spectra

is not reproduced by LSDA theory, since the theoretical

spectra exhibit a double-peak structure, but experimental

spectra have only a one-peak structure. The LSDA +U cal-

culations presented in Ref. 112 take into account the

strong Coulomb correlations among the 5 f orbitals and

are greatly improve the agreement between theory and ex-

periment for all three materials. This finding appears to

be consistent with the quasilocalized nature of the 5 f

electrons in these compounds.
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3. Band structure. All the three chalcogenides,

namely, US, USe, and UTe crystallize in the NaCl type

structure (B1) with space group symmetry Fm m3 . The ura-

nium atom is positioned at (0,0,0) and chalcogen at

(1/2,1/2,1/2).

The LSDA energy band structure of US (Fig. 16) can

be subdivided into three regions separated by energy

gaps. The bands in the lowest region around �15 eV have

mostly S s character with a small amount of U sp character

mixed in. The next six energy bands are S p bands sepa-

rated from the s bands by an energy gap of about 6 eV. The

width of the S p band is about 4 eV. U 6d bands are broad

and extend between �2.5 and 10 eV. The sharp peaks in

the DOS just below and above the Fermi energy are due to

5 f 5 2/ and 5 f 7 2/ states, respectively. Figure 16 also shows

the energy bands and total density of states of US in the

LSDA + U approximation [116]. The Coulomb repulsion

splits partially occupied U 5 f 5 2/ states and the LSDA + U

calculations give a solution with three localized 5 f elec-

trons in US. U 5 f states just above the Fermi level are

formed by the remaining 5 f 5 2/ states whereas the peak of

5 f 7 2/ states is pushed about 1 eV upward from its LSDA

position.

Table 4 presents the comparison between calculated

and experimental magnetic moments in uranium

monochalcogenides. For comparison, we list also the re-

sults of previous band structure calculations. Our LSDA

results obtained by fully relativistic spin-polarized

LMTO method are in good agreement with the ASW

Kraft et al. results [110]. The LSDA calculations for fer-

romagnetic uranium monochalcogenides (US, USe, and

UTe) give the magnitude of the total magnetic moment

M t too small compared to the experimental data, indicat-

ing that the calculated M l is not large enough.

It is a well-known fact, however, that the LSDA calcu-

lations fail to produce the correct value of the orbital

moment of uranium compounds [95,117,119–121]. In

LSDA, the Kohn–Sham equation is described by a local

potential including the spin-dependent electron density.

The electric current, which describes M l , is, however, not

included. This means, that although M s is self-consis-

tently determined in LSDA, there is no framework to si-

multaneously determine M l self-consistently.

Using the LSDA + OP method Brooks [95] obtained

larger magnitude of M l and improvement in M t . How-

ever, they have stated that the individual magnitudes of

M s and M l are considered to be too large from the analy-

sis of the magnetic form factor and the ratio M l /M s is still
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Fig. 16. Self-consistent fully relativistic energy band structure

and total DOS (in states/(unit cell�eV)) of US calculated within

the LSDA and LSDA + U approximations with U = 2 eV and

J = 0.5 eV [116].

Table 4. The experimental and calculated spin Ms, orbital Ml,

and total Mt magnetic moments at uranium site (in �B) of US, USe,

and UTe [116]

Compound Method Ms Ml Mt –Ml/Ms

US

LSDA –1.53 2.14 0.60 1.41

LSDA +U(OP) –1.48 3.21 1.72 2.17

LSDA +U –1.35 3.42 2.07 2.53

LSDA [110] –1.6 2.5 0.9 1.6

LSDA + OP [95] –2.1 3.2 1.1 1.5

OP scaled HF [117] –1.51 3.12 1.61 2.07

HF(TB) [114] – 1.49 3.19 1.70 2.14

exper. [96] –1.3 3.0 1.7 2.3

exper. [91] — — 1.55 —

USe

LSDA –1.75 2.54 0.79 1.45

LSDA +U(OP) –1.65 3.65 2.00 2.21

LSDA +U –1.96 4.61 2.65 2.35

LSDA [110] –1.8 2.8 1.0 1.5

LSDA + OP [95] –2.4 3.4 1.0 1.4

exper. [96] — — 2.0 —

exper. [91] — — 1.8 —

UTe

LSDA –2.12 3.12 1.00 1.47

LSDA +U(OP) –1.91 4.09 2.17 2.14

LSDA +U –2.13 4.95 2.81 2.32

LSDA [110] –2.2 3.4 1.2 1.5

LSDA + OP [95] –2.6 3.4 0.8 1.3

exper. [118] –1.57 3.48 1.91 2.21

exper. [96] — — 2.2 —

exper. [91] — — 1.9 —



far from the experimental value for all the three uranium

monochalcogenides (Table 4).

Table 4 presents the calculated magnetic moments in

uranium monochalcogenides using a generalization of the

LSDA + U method [73,122]. In this calculations we used

U 	 2 0. eV and J 	 0 5. eV. Table 4 presents also the LSDA +

U calculated magnetic moments with U J	 	 0 5. eV (the

LSDA + U (OP) approximation).

Figure 17 shows 5 f 5 2/ partial density of states in US cal-

culated within the LSDA, LSDA + U (OP) and LSDA + U

approximations [116]. The LSDA + U (OP) approxima-

tion strongly affects the relative energy positions of m j

projected 5 f density of states and substantially improve

their orbital magnetic moments (Table 4). For example,

the ratio M l /M s in the LSDA + U (OP) calculations is

equal to �2.17 and �2.14 for US and UTe, respectively.

The corresponding experimental value are �2.3 for US

from the neutron measurements [96] and �2.21 for UTe

from the magnetic Compton profile measurements [118].

The 5 f spin M s and orbital M l magnetic moments in

US have been also calculated in Ref. 114 on the basis of

the HF approximation for an extended Hubbard model.

The tight-binding model includes the intra-atomic 5 f –5 f

multipole interaction and the SOI in the 5 f state. The pa-

rameters involved in the model were determined by fitting

with the energy of Bloch electrons in the paramagnetic

state obtained in the LDA band structure calculation. The

calculated ratio of the moments M l /M s of �2.14 and M l

of �3.19 � B are in good agreement with available experi-

mental results (Table 4).

We should mention that the results of the LSDA +U (OP)

calculations are in close agreement with the results ob-

tained using the HF approximation for an extended Hub-

bard model [114] (Table 4). Both the approximations take

into account the SOI and the intra-atomic 5 f –5 f Cou-

lomb interaction in Hubbard model. The small differences

in magnetic moments are due to slightly different values

of U eff . In our calculations we used U J	 	 0 5. eV, which

gives U eff = 0. Authors of Ref. 114 used U 	 0 76. eV and

J 	 0 5. eV, which gives U eff = 0.26 eV. Besides, there are

some small differences in F 2, F 4 and F 6 Slater integrals

in two the calculations.

Figure 17 also shows the m j projected 5 f 5 2/ density of

states in US calculated in the LSDA + U approximation

with U 	 2 0. eV and J 	 0 5. eV [116]. The corresponding

partial DOS’s for USe and UTe are presented in Fig. 18.

The degree of localization of occupied 5 f 5 2/ states is in-

creasing going from US to UTe. In US the 5 f 5 2/ states with

m /j 	 �5 2 is strongly hybridized with other occupied

states, while the hybridization in USe and particularly in

UTe almost vanishes. The 5 f 5 2/ states with m /j 	 �5 2 are

responsible for the narrow single peak in UTe (Fig. 18).

The orbital magnetic moments calculated in the LSDA +

U approximation are larger than calculated in the LSDA +

U (OP) approximation, which leads to slightly overesti-

mated ratio M l /M s in comparison with the experimental

data for the LSDA + U calculations (Table 4).

4. XMCD spectra. Figure 19 shows the XMCD spectra

of US, USe, and UTe at the uranium M 4 5, edges calcu-

lated within the LSDA and LSDA + U approximations

[116]. It is clearly seen that the LSDA calculations give
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inappropriate results. The major discrepancy between the

LSDA calculated and experimental XMCD spectra is the

size of the M 4 XMCD peak. The LSDA underestimates

the integral intensity of the XMCD at M 4 edge. As the in-

tegrated XMCD signal is proportional to the orbital

moment [74] this discrepancy could be related to an un-

derestimation of the orbital moment by LSDA-based

computational methods (Table 4). On the other hand, the

LSDA + U approximation produces good agreement with

the experimentally measured intensity for the M 4 XMCD

spectrum. In the case of the M 5 XMCD spectrum, the

LSDA strongly overestimates the value of the positive

peak. The LSDA + U (OP) approximation gives a good

agreement in the shape and intensity of the XMCD spec-

trum at the M 5 edge.

The behavior of the 5 f electrons ranges from nearly

delocalized to almost localized: US is considered to be

nearly itinerant [123], while UTe is considered to be

quasilocalized [124]. So the failure of LSDA description

of XMCD spectra in US comes as a surprise, because, if

the 5 f electrons are itinerant, one would expect the

delocalized LSDA approach to be applicable. However,

as the integrated XMCD signal is proportional to the or-

bital moment [74] this discrepancy could be related to an

underestimation of the orbital moment by LSDA-based

computational methods.

It is interesting to note, that the LSDA + U (OP) and

LSDA + U calculations give similar results for XMCD

spectrum at the M 5 edge in the case of US and became rel-

atively more different going through USe and UTe, proba-

bly, reflecting the increase of degree of localization of 5 f

electrons. Besides, the relative intensity of the M 5 and

M 4 XMCD spectra is strongly increased going from US

to UTe. The experimental measurements of the XMCD

spectra in USe and UTe are highly desired.

2.3. Heavy-fermion compounds

2.3.1. UPt3

UPt3 is a well known heavy-fermion system [125,126].

The Sommerfeld coefficient of the linear low-tempe-

rature specific heat is strongly enhanced, i.e., � =

= 420 mJ/(mol U�K 2). Strong electron-electron correla-

tions are also manifest in a T T3 log term in the low-tem-

perature specific heat, which is believed to be due to spin

fluctuations. At low temperature UPt3 is a superconductor,

with a TC of 0.54 K [59]. UPt3 is the archetype of a

heavy-fermion system. It has the qualitative properties of a

Fermi liquid, but the magnitude of the effective masses, re-

flected in the specific heat and magnetic susceptibility, is

very much larger than the free-electron value. The heavi-

ness of the electrons is generally attributed to electron cor-

relations which come from the strong Coulomb interac-

tions among the localized 5 f electrons on the U sites.

UPt3 has attracted a great deal of interest from

band-structure theorists [127–131], particularly when it

became clear that reliable experimental information on

the Fermi surface could be obtained by measurements of

the de Haas–van Alphen (dHvA) effect [132,134]. These

experiments unambiguously confirm that UPt3 has to be

regarded as a strongly correlated Fermi liquid. Although a

detailed picture of the low-temperature phase of UPt3 has

emerged, a comprehensive theoretical picture of the

heavy quasiparticles is still missing.

It has been considered a success of the LSDA that the

dHvA frequencies could be related to extremal orbits on

the Fermi surface obtained by band-structure calculations

which treat the U 5 f states as itinerant. There are good

reasons that standard band-structure calculations repro-

duce well the complex topology of the Fermi surface in

UPt3. In great contrast, however, no such agreement is

found for the measured cyclotron masses. The calculated

energy bands are too broad for explaining the effective

masses: dHvA masses are by a factor of order 20 bigger

than the band masses mb obtained from the LSDA calcu-
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lations [129–131]. This is of course the defining charac-

teristic of a heavy-fermion compound and is due to the

strong electron-electron correlations not included in the

band-structure calculations. It is interesting that even in

the presence of such strong correlations, there is no evi-

dence of any breakdown of Fermi-liquid theory. The stan-

dard Lifshitz–Kosevich formula for the field and tempera-

ture dependence of the amplitude of quantum oscillations

is perfectly verified down to 10 mK and up to 18 T [59].

UPt3 shows a static antiferromagnetic order below

about TN = 5 K with a very small staggered moment of or-

der 0.01 � B /U atom. This ordering was first noticed in

muon spin relaxation measurements by Heffner et al.

[135] and was soon confirmed by neutron scattering

[136]. The magnetic order is collinear and commensurate

with the crystal lattice, with a moment aligned in the basal

plane. It corresponds to antiferromagnetic coupling

within planes and ferromagnetic coupling between

planes. All aspects of this ordering were reproduced by

later neutron studies on a different crystal [137,138] and

by magnetic x-ray scattering [139]. The moment at lower

temperatures grows to a maximum magnitude of

0.02–0.03 � B /U atom.

1. Band structure. UPt3 crystallizes in the MgCd3-type

structure. The uranium atoms form a closed-packed hex-

agonal structure with the platinum atoms bisecting the

planar bonds. There are two formula units per unit cell.

The compound belongs to the space group P /mmc6 3 and

the point group D h6 . The lattice parameters are a =

= 5.753 � and c/a = 4.898. The nearest U–U distance is

between atoms in adjacent layers, equal to 4.132 �, and

the conductivity is greatest along the c axis.

The fully relativistic spin-polarized LSDA energy

band structure and total DOS of the ferromagnetic UPt 3

compound is shown in Fig. 20 [140]. The occupied part of

the valence band is formed predominantly by Pt 5d states.

The characteristic feature of the LSDA band structure is a

narrow peak of U 5 f 5 2/ states situated just at the Fermi

level (EF ) 1.0 eV above the top of Pt 5d states. U 5 f 7 2/

states are split off by strong SO coupling and form an-

other narrow peak 1 eV above EF .

Figure 20 also shows the band structure of UPt 3 calcu-

lated in the LSDA +U approximation withU = 2.0 eV and

J = 0.5 eV [140]. The Coulomb repulsion splits partially

occupied U 5 f 5 2/ states and the LSDA + U calculations

give a solution with two localized 5 f electrons. These lo-

calized 5 f states are situated above the top of Pt 5d and

form a rather narrow peak at 0.2 eV below EF . The posi-

tion of the peak agrees well with the results of recent reso-

nant photo-emission spectroscopy (PES) [141] and angu-

lar resolved PES (ARPES) [142] measurements. U 5 f

states just above the Fermi level are formed by the re-

maining 5 f 5 2/ states whereas the peak from the 5f7/2

states is pushed from its LSDA position at 1 eV above EF

to 2.3 eV.

An orbital resolved DOS corresponding to the orbitals

with the largest occupation numbers is shown in Fig. 21

for UPt3 and for UPd3 as a reference material. Two peaks

at –1.0 to –0.5 eV in UPd3 are formed by 5 f 5 2/ states with

m /j 	 �5 2 and m /j 	 �3 2. Their occupation numbers are

n5 2/ = 0.988 and n3 2/ = 0.982, which corresponds to an

f 2 configuration of the U ion [73]. The corresponding
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states in UPt3 are situated in –0.5 to 0.2 eV energy range,

very close to the Fermi level and partially occupied. Such

a different energy position of occupied 5 f 5 2/ states in

UPd3 and UPt3 can be explained by the larger spatial ex-

tent of Pt 5d wave functions as compared to the Pd 4d

states which causes a proportional increase of the part of

f electron density at U site provided by the «tails» of d

states. The screening of the localized U 5 f states by this

delocalized density becomes stronger in UPt3 and their

occupied 5 f 5 2/ states shift to higher energy [73].

The above-mentioned self-consistent LSDA + U solu-

tions for UPd3 and UPt3 are magnetic with a rather large

U magnetic moment. This is contrary to the experimental

data which show that the ordered magnetic moment is

only 0.01 � B and 0.02–0.03 � B per U atom in UPd3 and

UPt3, respectively [137–139,143]. This extremely small

U magnetic moment is explained by the fact that accord-

ing to the crystalline electric field (CEF) level scheme de-

rived from neutron scattering experiments, the lowest

CEF level of U4+ ion in both compounds is a singlet

[139,144] which leads to a nonmagnetic ground state for

these compounds. The LSDA + U is still a one electron

approximation and can not fully account for the subtle

many-body effects responsible for the small value of the

U magnetic moment in the UPd3 and UPt3. It tries to obey

the Hund’s rules in the only way it is allowed to, i.e., by

producing a magnetic solution. A possible way to over-

come this discrepancy between the calculations and the

experiment is to force a nonmagnetic ground state in the

LSDA + U calculations as it was done by H. Harima et al.

in Refs. 143, 145. We have verified, however, that this

leads to an increase of the total energy as compared to

magnetic states obtained in the calculations.

It should be mentioned that depending on the starting

conditions another self-consistent LSDA + U solution

very close in total energy can 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 are | ,5 2 5 2/ /� �

and | ,5 2 1 2/ /� � (here we used the notation | ,j m j � for the

state with the total momentum j and its projection m j )

[140]. The existence of two almost degenerate solutions

can be understood if one compares the matrix elements of

Coulomb interaction U m mj j, � calculated between 5 f 5 2/

states with different m j [73]. The matrix elements

U / /5 2 3 2, andU 5 2 1 2/ , / are equal and the energy difference is

caused not by the on-site Coulomb interaction but instead

by a difference in the hybridization between U 5 f 5 2/ and

conduction electrons. Also, the lowest unoccupied 5 f

state, which is either | ,5 2 1 2/ /� � or | ,5 2 3 2/ /� �, feels the

same Coulomb repulsion of the localized electrons. Total

energy calculations, however, show that lower energy so-

lution is associated with | ,5 2 3 2/ /� � occupied states.

2. XMCD spectra. As we mentioned above, for the 5 2f

configuration in UPt 3 we have two solutions with close to-

tal energies, in the first case the 5 f 5 2/ states with m /j 	 �5 2

and �3 2/ are occupied, in the second case the occupied

states are m /j 	 �5 2 and �1 2/ . In the first case the dipole al-

lowed transitions for left circularly polarized light, � 	 � 1

a r e � � �3 2 1 2/ / , � � �1 2 1 2/ / , � � �1 2 3 2/ / , a n d

� � �3 2 5 2/ / and for right circularly polarization � 	 �1:

� � �1 2 1 2/ / and � � �3 2 1 2/ / . The transitions with

equal final states m /j 	 �1 2 and m /j 	 � 1 2 mostly cancel

each other and the XMCD spectrum of U at the M 4 edge

( )I 	 ��� � � can be roughly represented by � �[ /
/

/
/N N3 2

5 2
5 2
5 2]

partial density of states [72]. In the second case, however,

the dipole allowed transitions for � 	 � 1are � � �1 2 1 2/ / ,

� � �1 2 3 2/ / , a n d � � �3 2 5 2/ / a n d f o r � 	 �1:

� � �1 2 3 2/ / and � � �3 2 1 2/ / . Therefore U M 4 XMCD

spectrum can be roughly represented by N N N1 2
5 2

3 2
5 2

5 2
5 2

/
/

/
/

/
/[� � ]

partial density of states. One would expect therefore

smaller intensity of dichroic signal at the M 4 edge for the

second case in comparison with the first one due to the com-

pensation between N 1 2/ and [ ]/ /N N3 2 5 2� partial density

of states in the second case.

The 5 f 7 2/ states are almost completely empty in all the

uranium compounds. Therefore the XMCD spectrum of U

at the M 5 edge can be roughly represented by the m j pro-

jected partial density of states [72]: [N N� �� �7 2
7 2

5 2
7 2

/
/

/
/ ]

� �[ /
/

/
/N N7 2

7 2
5 2
7 2]. As a result, the shape of the M 5 XMCD

spectrum consists of two peaks of an opposite sign: a ne-

gative peak at lower energy and a positive peak at higher

energy. As the separation of the peaks is smaller than the

typical lifetime broadening, the peaks cancel each other

to a large extent, thus leading to a rather small signal.

Although we neglect cross terms in the transition ma-

trix elements and there is no full compensation between

transitions with equal final states due to difference in the

angular matrix elements, such a simple representation

qualitatively reproduces all the peculiarities of the experi-

mentally measured XMCD spectra in UPt 3. It gives a

simple, slightly asymmetric negative peak at the M 4 edge

and an s shaped two-peak structure at the M 5 edge

(Fig. 22). It also correctly gives the dichroism at the M 4

edge of approximately one order of magnitude larger than

at the M 5 one. The spectrum at the M 4 edge is very sensi-

tive to the character of the occupied 5 f 5 2/ states and has

larger intensity for the solution with occupied | ,5 2 3 2/ /� �

states.

Figure 23 shows the calculated XMCD spectra in the

LSDA and LSDA + U approximations for UPt 3 [140] to-

gether with the experimental data [65]. The intrinsic

broadening mechanisms have been accounted for by fold-

ing the XMCD spectra with a Lorentzian of 3.2 and 3.4 eV

for M 5 and M 4 spectra, respectively. The overall shapes

of the calculated and experimental uranium M 4 5, XMCD

spectra correspond well to each other. The major discrep-

ancy between the calculated and experimental XMCD

spectra is the size of the M 4 XMCD peak. The LSDA the-
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ory produces a much smaller intensity for the XMCD

spectrum at M 4 edge in comparison with the experiment

and simultaneously gives a larger dichroic signal at M 5

edge. On the other hand, the LSDA + U approximation

produces excellent agreement in the shape and intensity

of XMCD spectra both at the M 4 and M 5 edges for the so-

lution with the | ,5 2 3 2/ /� � state occupation. The solution

with | ,5 2 1 2/ /� � occupation produces a smaller intensity

for the XMCD spectrum at the M 4 edge in comparison

with the experiment. This observation is consistent with

the total energy calculations which show that the lowest

energy state has the solution with | ,5 2 3 2/ /� � states

occupied.

The LSDA + U (OP) approximation, which describes

the correlations between spin and orbital magnetic mo-

ment directions (U eff = 0) gives a correct value of the

XMCD spectrum at U M 4 edge, but slightly overesti-

mates the positive peak and underestimates the negative

one at the M 5 edge (not shown).

Figure 23 shows also the XMCD spectra in UPd 3 cal-

culated using the LSDA + U approximation for the solu-

tion with occupied | ,5 2 3 2/ /� � states [140]. The XMCD

spectra of UPd3 and UPt3 are very similar, except, the

positive peak at the M 5 edge is slightly less pronounced

in UPd3 than in UPt3. Experimental measurements of

XMCD spectra in UPd3 are highly desired.

2.3.2. URu2Si2

The heavy-fermion superconductor URu2Si2 has at-

tracted continuous attention in the last decade for its un-

usual ground-state properties. URu2Si2 crystallizes in the

body-centered tetragonal ThCr2Si2 structure with lattice

constant a = 4.126 � and c/a = 2.319. At TN = 17.5 K the

system undergoes an antiferromagnetic phase transition

which is accompanied by a sharp peak in the specific heat

[146,147] and thermal expansion [148]. A second transi-

tion occurs at TC = 1.2 K and indicates the onset of super-

conductivity which coexists with the antiferromagnetic

order. Neutron-scattering measurements [149,150] re-

vealed a simple antiferromagnetic structure with a tiny or-

dered moment of (0.04 
 0.01) � B /U atom, oriented

along the c axis of the tetragonal crystal structure. The

formation of an energy gap in the magnetic excitation

spectrum is reflected by an exponential temperature de-

pendence of the specific heat [146,147], the thermal ex-

pansion [148] and the NMR and nuclear quadruple-reso-

nance NQR relaxation rates [151] in the ordered state.

Electrical resistivity [152] and point-contact spectros-

copy measurements [153] show a similar energy gap, in-

dicating a strong scattering of the conduction electrons by
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the magnetic excitations. Magnetization measurements in

high magnetic fields [154,155] show a suppression of the

heavy-fermion state in three consecutive steps at 35.8,

37.3, and 39.4 T for fields along the easy axis (B c| | ). These

transitions have been confirmed in high-field measure-

ments of the magnetoresistance and Hall coefficient [156].

There are several LSDA band structure calculations of

URu2Si2 in the literature [157–160]. A self-consistent

calculation of electronic band structure for antiferro-

magnetically ordered URu2Si2 was performed using an

all-electron fully relativistic spin-polarized LAPW

method by Yamagami and Hamada [160]. They obtained a

magnetic moment at the uranium site with a tiny value of

0.09 � B due to cancellation between the spin and the or-

bital moments. The theoretically calculated frequencies

as functions of the direction of applied magnetic field are

in reasonable agreement with the dHvA frequencies mea-

sured by Ohkuni et al. [161].

The electronic band structure and the Fermi surface of

paramagnetic URu2Si2 have been studied also with

high-resolution angle-resolved photoemission spectros-

copy in Ref. 162. It was found that Ru 4d bands form the

main body of the valence band and exhibit a remarkable

energy dispersion in qualitatively good agreement with

the band structure calculations. In addition to the

dispersive Ru 4d bands, a less dispersive band was found

near the Fermi level, which can be assigned to the U

5 f –Ru 4d hybridized band.

1. Band structure. Self-consistent LSDA calculations

produce an antiferromagnetic ground state in URu2Si2
[140] in agreement with the experimental observation

[148]. The spin moment at the U site is obtained as

�0 04. � B , the orbital moment is 0.09 � B . The total mag-

netic moment is, therefore, 0.05 � B . This is in a good

agreement with the magnetic moment of 0.04 � B ob-

served by neutron-scattering measurements [149,150].

The fully relativistic spin-polarized LSDA energy band

structure and total DOS of the antiferromagnetic URu2Si2
is shown in Fig. 24. Figure 25 shows the LSDA partial

density of states of URu2Si2 [140]. Si 3s states are located

mostly at the bottom of the valence band in the –11 to

–8 eV energy interval. Si 2 p states hybridize strongly

with Ru 4d, U 6d and U 5 f valence states and occupy a

wide energy range from –6.5 to 11 eV. There is an energy

gap of around 0.5 eV between Si 3s and 3 p states. Ru 4d

states are situated below and above Fermi level in the –6.5

to 3.5 eV range. The Fermi level falls in the local mini-

mum of Ru 4d states (Fig. 25). U 6d states are strongly hy-

bridized with Ru 4d as well as Si 3 p and even Si 3s states.

A narrow peak of U 5 f 5 2/ states situated just at the Fermi

level EF . U 5 f 7 2/ states are split off by strong SO cou-

pling and form another narrow peak 1.2 eV above EF . Be-

cause U 5 f states are situated at the local minimum of Ru

4d states there is rather week U 5 f –Ru 4d hybridization.

Figure 24 also shows the band structure of URu2Si2 cal-

culated in the LSDA + U approximation with U = 2.0 eV

and J = 0.5 eV [140]. The Coulomb repulsion U eff

strongly influences the electronic structure of URu2Si2.

The occupied on-site 5 f energies are shifted downward

by U eff /2 and the unoccupied levels are shifted upwards

by this amount. As a result both the occupied and empty U

5 f states move to a position with large Ru 4d DOS and the

degree of U 5 f –Ru 4d hybridization increases going from

the LSDA to the LSDA + U solution. In the Hartree–Fock

like LSDA + U solution with nonspherical correction to

Coulomb matrix elements, three particular 5 f 5 2/ states

(m /j 	 �5 2, �3 2/ , and �1 2/ ) are occupied which leads to

large spin (–2.01 � B ) and orbital (4.78 � B ) magnetic mo-

ments for the U atom. U 5 f states just above the Fermi

level are formed by the remaining 5 5 2f / states whereas the

peak of 5 f 7 2/ states is pushed from its LSDA position

above EF by 2.8 eV.

2. XMCD spectra. Figure 26 shows the calculated

x-ray isotropic absorption and XMCD spectra in the

LSDA and LSDA +U approximations for URu 2Si 2 [140]

together with the experimental data [69]. To calculate the

x-ray isotropic absorption M 4 5, spectra we take into ac-

count the background intensity which appears due to tran-

sitions from occupied levels to the continuum of unoccu-

pied levels [89].

The theory [140] produces a much smaller intensity of

the XMCD spectrum at the M 4 edge in comparison with

the experiment in the LSDA calculations. It also gives a

larger positive peak and a two times smaller negative
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peak at the M 5 edge (Fig. 26). The LSDA +U approxima-

tion with J = 2.0 and J = 0.5 eV and nonspherical correc-

tions to Coulomb matrix elements [69] produces excellent

agreement in shape and intensity for the XMCD spectra

both at the M 4 and M 5 edges. This can be considered as

evidence in favor of a picture of partly localized U 5 f

states in URu2Si2.

One should mention that the LSDA + U (OP) calcula-

tions (U eff = 0) underestimate the negative XMCD peak

and overestimate the positive one at the M 5 edge (not

shown). This approximation also slightly underestimates

the XMCD signal at the M 4 edge.

2.3.3. UPd2Al3 and UNi2Al3

The most recently discovered heavy-fermion super-

conductors UPd2Al3 and UNi2Al3 [163,164] exhibit

coexistence between superconductivity and a magnetic

state with relatively large ordered magnetic moments.

UPd2Al3 was found to exhibit a simple antiferromagnetic

structure [wave vector q = (0,0,1/2)] below TN � 14.5 K

and static magnetic moments of U lying in the basal plane

[165]. The neutron-scattering data are consistent with an

ordered magnetic moment M t � 0.85 � B , reduced

compared to the effective moment obtained from the

high-temperature susceptibility, but exceeding by up to

two orders of magnitude the small moments found, for ex-

ample, in UPt3. Hence, in contrast to UPt3, a picture of lo-

cal-moment magnetism seems to describe the magnetic

state in UPd2Al3. Surprisingly, this large-moment magne-

tism was found to coexist with heavy-fermion supercon-

ductivity exhibiting the highest TC reported to date for

this class of materials.

The electronic structure and Fermi surface of the

antiferromagnetic UPd2Al3 were calculated using the

LSDA approximation in Refs. 166–168. The calculated

magnetic moment was in good agreement with experi-

ment as was the calculated magnetocrystalline aniso-

tropy. The calculations reveal the importance of hybrid-

ization of the U 5 f states with the valence states of Pd and

Al even though this hybridization appears to be rather

weak and to influence only a restricted energy interval in

the U 5 f bands. The calculated dHvA frequencies are

found to be in good agreement with the experimental data.

However, the observed heavy masses cannot be obtained

within the LSDA [168].

The measured (in Ref. 169) x-ray photoemission and

bremsstrahlung isochromat spectra of UPd2Al3 are well

reproduced by the LSDA calculated U 5 f density of

states. On the other hand, the resonance photoemission

spectra of UPd2Al3 does not match the calculated U 5f

DOS in shape or position, while the calculated Pd 4d DOS

matches very well with the off-resonance spectrum [170].
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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 crystals [68]. UNi2Al3 undergoes transitions to

antiferromagnetism at TN � 4.6 K and to superconduc-

tivity at TC � 1.2 K [164]. Muon spin rotation (�SR) ex-

periments [171] on polycrystalline UNi2Al3 showed evi-

dence for antiferromagnetism with an ordered moment of

the order of 0.1 � B . Elastic neutron scattering from a sin-

gle-crystal sample of UNi2Al3 has revealed the onset of

long-range magnetic order below TN = 4.6 K [172].

The order is characterized by wave vector of the form

( , , )1 2 0 1 2/ /
 � , with � = 0.110 
 0.0003, indicating an in-

commensurate magnetic structure within the basal plane,

which is simply stacked antiferromagnetically along c to

form the full three-dimensional magnetic structure. The

maximum amplitude of the ordered moment is estimated

to be (0.21 
 0 10. ) � B .

1. Band structure. UPd2Al3 and UPd2Al3 crystallize in

a rather simple hexagonal structure P /mmm6 (D h6
1 ,

PrNi3Al3-type structure) with lattice constant a = 5.365 �

and c/a = 4.186 for UPd2Al3 and a = 5.207 � and c/a =

= 4.018 for UNi2Al3.

The fully relativistic spin-polarized LSDA energy

band structures and total DOS’s of the antiferromagnetic

UPd2Al3 and UNi2Al3 are shown in Fig. 27 [140]. The re-

sults of our band structure calculations of UPd2Al3 are in

good agreement with previous calculations of Sandratskii

et al. [167]. Al 3s states are located mostly at the bottom

of the valence band in the �9.7 to �5 eV energy interval.

Al 3 p states occupy wide energy range from �6 to 11 eV

hybridized strongly with Pd 4d, U 6d and U 5 f valence

states. Pd 4d states are almost fully occupied and situated

below Fermi level in the �5 to �2.5 eV range. The mag-

netic moment at the Pd site, therefore, is extremely small.

U 6d states are strongly hybridized with Pd 4d as well as

Al 3 p states. The characteristic feature of the LSDA band

structure is a narrow peak of U 5 f 5 2/ states situated just at

the Fermi level EF . U 5 f 7 2/ states are split off by strong

spin-orbit coupling and form another narrow peak 1.2 eV

above EF . Because Pd 4d states are located far below the

Fermi level, there is rather week U 5 f –Pd 4d hybridiza-

tion. We should mention, however, that this hybridization

is of primary importance and influences greatly the form

and width of the 5 f peaks (the analysis of the hybridiza-

tion effects in UPd2Al3 are presented in Ref. 167).

In agreement with experiment [165] we found the

basal plane of the hexagonal structure to be the plane of

easy magnetization in UPd2Al3. The magnetic structures

with magnetic moments lying in the xy plane possess

lower energy than those with atomic moments along the z

axis. A rotation of the magnetic moment within the xy

plane does not noticeably change the energy of the con-

figuration as well as the value of the spin and orbital mag-

netic moments.

Our calculations, unfortunately, yield for the total en-

ergy of the in-plane ferromagnetic structure a slightly

lower value than for the energy of the corresponding

antiferromagnetic structure, although the difference of

the total energy of the ferromagnetic and antiferro-

magnetic in-plane solutions is very small, about 9 meV

per formula unit, and is close to the accuracy limit of our

LMTO–LSDA calculations. This disagrees with experi-

ment which shows the ground-state magnetic structure to

be antiferromagnetic [165]. The same results were ob-

tained by Sandratskii et al. in Ref. 167.

The energy band structure of UNi2Al3 and UPd2Al3
are very similar (Fig. 27) [140]. The major difference is in

the energy location and width of the transition metal

bands. Due to less spatial expansion of Ni 3d wave func-

tions compared to Pd 4d wave functions the Ni 3d energy

band is 1.5 times narrower than the corresponding 4d

band in UPd2Al3. The Ni 3d energy band is situated in the

�3 to �1.2 eV energy interval. Due to a shift of the Ni 3d

band toward the Fermi level, the U 5 f –Ni 3d hybridiza-

tion in UNi2Al3 is increased in comparison with the

U 5 f –Pd 4d hybridization in UPd2Al3. A stronger inter-

action between 5 f and conduction electrons when replac-

ing Pd by Ni is manifested in a shift toward higher tem-

peratures of the maxima of both the resistivity and the

susceptibility together with the decrease of the magnetic

ordering temperature TN , the superconductivity tempera-

ture TC , the antiferromagnetic moment and the smaller

entropy change at TN [68].
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Figure 28 shows m j projected 5 f 5 2/ density of states in

UPd 2Al 3 calculated in the LSDA and LSDA + U approxi-

mations [140]. We performed two LSDA +U band structure

calculations. In the first calculation we usedU J	 	 0 5. eV,

which gives U eff = 0 (the so-called LSDA + U (OP) ap-

proximation). In the second oneU 	 2 0. eV and J 	 0 5. eV.

The LSDA approximation places the 5 f 5 2/ density of

states in close vicinity of the Fermi level at �0.5 to 0.5 eV

with strong hybridization between states with different

m j . The Coulomb repulsion U eff strongly influences the

electronic structure of UPd2Al3 and UNi2Al3. In the

Hartree–Fock-like LSDA + U solution with nonspherical

corrections to Coulomb matrix elements, three particular

5 5 2f / states (m /j 	 �5 2, �3 2/ , and �1 2/ ) are almost com-

pletely occupied producing the 5 f 3 configuration for U

in UPd2Al3 and UNi2Al3.

Table 5 lists the calculated spin M s , orbital M l , and to-

tal M t magnetic moments at uranium site (in � B ) as well

as the ratio M l /M s for UPd2Al3 and UNi2Al3 [140]. Our

LSDA results are in good agreement with previous LSDA

calculations [167]. Surprisingly, LSDA calculations pro-

duce the total magnetic moments in UPd2Al3 and

UNi2Al3 in good agreement with the experimental data.

On the other hand, the LSDA calculations strongly under-

estimate the ratio M l /M s (especially in UNi2Al3) due

to the underestimation of the orbital moment by

LSDA-based computational methods. The ratio M l /M s in

the LSDA + U (OP) calculations is in reasonable agree-

ment with the experimental data for both the compounds.

2. XMCD spectra. Figure 29 shows the calculated XMCD

spectra in the LSDA, LSDA + U (OP) and LSDA + U ap-

proximations for UPd2Al3 [140] together with the corre-

sponding experimental data [69]. The overall shapes of

the calculated and experimental uranium M 4 5, XMCD

spectra correspond well to each other. The major discrep-

ancy between the calculated and experimental XMCD

spectra is the size of the M 4 XMCD peak. The LSDA the-

ory produces much smaller intensity for the XMCD spec-

trum at the M 4 edge in comparison with experiment and

simultaneously strongly overestimates the negative peak

at the M 5 edge. On the other hand, the LSDA +U (OP) ap-

proximation produces an excellent agreement in the shape

and intensity of the XMCD spectra both at the M 4 and

M 5 edges. The LSDA + U calculations with U = 2.0 eV

slightly overestimate the intensity of the dichroic signal at

the M 4 edge and produce a larger negative peak and

smaller positive one at the M 5 edge.

Figure 29 shows also the XMCD spectra for UNi2Al3
[140]. The experimental data exist only for the M 4 edge

in this compound [68]. For the LSDA calculations the the-

ory produces a smaller intensity of the XMCD spectrum

at the M 4 edge in comparison with the experiment. On the

other hand, the intensity of the experimentally measured

M 4 XMCD spectrum is in between the results obtained by

LSDA + U (OP) and LSDA + U approximations.

2.3.4. UBe13

The system UBe13 was the first U-based heavy-fer-

mion superconductor discovered [173] and, similar to

UPt3, it shows peculiar properties, pointing to an uncon-

ventional superconducting order parameter. UBe13 is cer-
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Table 5. The experimental and calculated spin Ms, orbital Ml, and

total Mt magnetic moments at uranium site (in �B) of UPd2Al3 and

UNi2Al3. The magnetic moments calculated for easy magnetic axes,

namely, hexagonal plane in UPd2Al3 and c axis in UNi2Al3 [140]

Compound Method Ms Ml Mt –Ml/Ms

LSDA –1.38 2.22 0.84 1.61

LSDA [167] –1.62 2.49 0.87 1.54

LSDA +U(OP) –1.59 3.73 2.14 2.34

UPd2Al3 LSDA + U –1.92 4.61 2.69 2.40

exper. [165] — — 0.85 —

exper. [68] — — — 2.01

exper. [69] — — — 1.91

LSDA –0.47 0.54 0.07 1.15

LSDA +U(OP) –1.22 2.90 1.68 2.38

UNi2Al3 LSDA +U –1.74 4.46 2.72 2.56

exper. [165] — — 0.2 —

exper. [68] — — — 2.49



tainly the most anomalous of the heavy-fermion super-

conductors.

The specific heat in UBe13 is very weakly dependent

upon magnetic field and highly sensitive to pressure

[174]. The low-temperature value of the electronic spe-

cific heat coefficient, � is of order 1000 mJ/(mol�K2),

corresponding to an effective mass of several hundred

free-electron masses. The magnetic susceptibility is weakly

pressure dependent in comparison with the specific heat and

under pressure has a completely different temperature de-

pendence [175]. Doping on the U sublattice which drives

away the specific heat anomaly leaves the low-temperature

susceptibility essentially unchanged. The magnetization is

linear in fields up to 20 T [174].

The dynamic magnetic susceptibility reveals no signif-

icant structure on the scale of 1 meV as is evidenced in

C/T and instead shows a broad «quasielastic» response on

the scale of 15 meV as evidenced in both neutron scatter-

ing and Raman spectra. Concomitant with the peak in � ''

is a Schottky anomaly in the specific heat, suggesting that

the 15 meV peak represents highly damped crystal-field

levels for which further evidence appears in the nuclear

magnetic relaxation of the 9Be sites. This dynamic sus-

ceptibility peak integrates to give 80% of the static sus-

ceptibility up to the experimental cut-off. This places a

stringent bound on any hypothetical moment-carrying

state in the low-frequency region; given a 10 K Kondo

scale, to explain the residual susceptibility the effective

squared moment must be less than 0.25 � B , which would

appear to rule out an interpretation in terms of a 5 3f �6

ground state [174].

There are several different interpretations of these ex-

perimental data in literature. Miranda and coworkers sug-

gested the non-Fermi-liquid (NFL) behavior of UBe13

could be driven by disorder [176]. Cox proposed, based

on symmetry grounds, the NFL behavior can be explained

by the two-channel Kondo model description [177]. More

recently, Anders et al. tackled the problem for the corre-

sponding lattice model [178]. They also performed a cal-

culation of the optical properties within such a two-chan-

nel Anderson lattice model for which the suppression of

the low-frequency Drude component and the develop-

ment of a mid-infrared absorption in the excitation spec-

trum at low temperatures have been suggested [178].

One framework for describing the low-temperature

properties of UBe13 characterizes the material’s behavior

in terms of its energy scales. Whereas common metals

may be characterized by a single energy scale (the Fermi

energy), UBe13 appears to require several. One may con-

sidered four energy scales [174]: a crystal field splitting

of 150–189 K, a Kondo temperature of about 25 K, a

spin-fluctuation temperature of about 2 K, and the super-

conducting transition temperature of about 0.8 K.

The energy band structure and Fermi surface of UBe13

have been investigated in Refs. 179–182 in a frame of the

LSDA approximation. It was shown [182] that the hybrid-

ization between the U 5 f states and the Be 2 p states oc-

curs in the vicinity of the Fermi level. The sheets of the

Fermi surface are all small in size and closed in topology.

The cyclotron effective mass calculated for the dHvA

branches in the three symmetry directions varies from

1.08 m0 to 4.18 m0. The theoretical electronic spe-

cific-heat coefficient � band
LDA is 13.0 mJ/(K 2�mol) [182].

The theoretical results for the electronic specific-heat co-

efficient are much less than the experimental ones, sug-

gesting a large enhancement due to many-body effects.

This disagreement between theory and experiment might

be ascribed to the enhancements due to the electron corre-

lations and/or the electron-phonon interaction which the

LDA fails to take into account.

1. Band structure. UBe13 crystallizes in the NaZn13-type

fcc structure with the space group Oh
6–Fm c3 (No 226) and

contains 28 atoms 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 sur-

rounded by cages of 24 Be2 atoms (Fig. 30) at the distance

of 3.02 �. Eight Be1 atoms are separated from the U atom

by 4.443 �. This ensures that the U atoms widely sepa-

rated. The U atoms form a simple cubic sublattice with a

large U–U nearest-neighbor distance of a/2 = 5.13 �,

which guarantees that the f–f overlap is negligible. There-

fore, all broadening of the U 5 f states into bands results
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entirely from hybridization with the conduction bands,

rather than partially from direct f–f overlap, as occurs in

many U compounds.

Self-consistent LSDA calculations produce a nonmag-

netic ground state in UBe13 [140]. To calculate the elec-

tronic structure and XMCD spectra of UBe13 in the LSDA

approximation, the term 2 � B B s� which couples the spin

of an electron to the external magnetic field was added to

the Hamiltonian at the variational step. The fully relativ-

istic spin-polarized LSDA energy band structure and total

DOS of UBe 13 is shown in Fig. 31 calculated in an exter-

nal magnetic field of 20 T [140]. The occupied part of the

valence band is formed predominantly by Be 2s and 2 p

states. U 5 f 5 2/ states are situated just at the Fermi level

1.0 eV above the top of Be 2 p states. U 5 f 7 2/ states are

split off by strong SO coupling and form another narrow

peak 1 eV above EF . Be 2s states are located mostly at the

bottom of the valence band. Be 2 p states are strongly hy-

bridized with U 6d states in the �6 to �1 eV energy inter-

val. On the other hand, there is quite large U 5 f –Be 2 p

hybrization in vicinity of the Fermi level in the �0.6 to 1.4

eV energy range. Although every individual Be atom pro-

duces a quite small 2 p partial density of states, due to the

large number of Be atoms they sum up to a 2 p DOS com-

parable in intensity with the U 5 f DOS (Fig. 31).

Figure 31 also shows the band structure of UBe13 cal-

culated in the LSDA + U approximation with U = 2.0 eV

and J = 0.5 eV. Partially occupied U 5 f 5 2/ states split due

to the Coulomb repulsion and the LSDA + U calculations

give a solution with three localized 5 f electrons. These

localized 5 f states form a rather narrow peak at 0.6 eV

below EF . U 5 f states just above the Fermi level are

formed by the remaining 5 f 5 2/ states whereas the peak of

5 7 2f / states is pushed from its LSDA position at 1.2 eV

above EF to 2.2 eV.

Figure 32 shows m j projected 5 f 5 2/ and total 5 f 7 2/ den-

sity of states in UBe13 calculated in the LSDA and LSDA + U

approximations [140]. We performed two LSDA + U band

structure calculations both withU = 2.0 eV and J = 0.5 eV.

In the first calculation we used the LSDA + U method

with nonspherical corrections to the Coulomb matrix ele-

ments [73]. The effect of a less asymmetric density of lo-

calized 5 f electrons can be simulated by replacing the

matrix elements U mmm m' ' and J mm m m' ' by averaged Cou-

lomb U and exchange J integrals, respectively, and set-

ting all other matrix elements to zero [73]. In the

nonrelativistic limit this would correspond, except for the

approximation to the double counting term, to the original

version of the LSDA +U method proposed in Ref. 183. In

this case all unoccupied U 5 f electrons independently of

their angular momentum experience the same Coulomb

repulsion as the localized ones. In the Hartree–Fock-like

LSDA + U solution with nonspherical corrections to the

Coulomb matrix elements three particular 5 f 5 2/ states

(m /j 	 �5 2, �3 2/ , and �1 2/ ) are occupied which leads to

(i) large spin (–1.95 � B ) and orbital (4.47 � B ) magnetic

moments of U atom and (ii) strongly anisotropic Coulomb

interaction of the remaining 5 f electrons with the occu-

pied ones. In the calculations using the LSDA +U method

with spherically averaged U and J an unoccupied U 5 f

electrons feel a much more isotropic repulsive potential

and is situated closer to the Fermi energy. This gives

smaller magnetic moments (spin moment is equal to �1.82

� B and orbital moment 4.08 � B ) in comparison with the

nonspherial solution. The 5 f 5 2/ states with m j 	 �1 2/ be-

came partly empty for the calculations with spherically

averaged U and J and the main peak of N �1 2/ DOS is situ-

ated just above the Fermi level (Fig. 32).
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The three calculations presented in Fig. 32 produce ra-

ther different energy locations for the empty 5 f states [140].

The principal question of the energy position of the empty

5 f states is usually answered by bremsstrahlung isochromat

spectroscopy (BIS) measurements. Figure 33 shows the ex-

perimental BIS spectrum of UBe13 [184] compared with the

calculated energy distribution for the unoccupied partial U

5 f density of states in the LSDA and LSDA + U approxima-

tions. The LSDA places empty 5 f states too close to the

Fermi level (Fig. 33). The LSDA + U calculations with

nonspherical solution place the maximum of empty 5 f

states more than 1 eV higher than the experiment. The

LSDA +U calculations with spherically averagedU and J

give the correct position of empty 5 f states within the ex-

perimental resolution (Fig. 33). The main peak in the BIS

spectrum is derived from the U 5 f 7 2/ states, while the low

energy shoulder split off from the main peak is from the

5 5 2f / states.

2. XMCD spectra. Figure 34 shows the UBe13 x-ray

isotropic absorption and XMCD spectra calculated in the

LSDA and LSDA +U approximations [140] together with

the experimental data [65]. The LSDA calculations pro-

duce much smaller intensity of the XMCD spectrum at the

M 4 edge in comparison with the experiment and simulta-

neously give larger dichroic signal for the negative peak

and do not produce the positive shoulder at the M 5 edge

(Fig. 34). On the other hand, the LSDA + U calculations

improve the agreement between the theory and the experi-

ment in the shape and intensity of XMCD spectra both at

the M 4 and M 5 edges. The LSDA + U method with

nonspherical corrections to the Coulomb matrix elements

slightly overestimates the dichroic signal at the M 4 edge,

underestimates the intensity of the positive peak and

strongly overestimates the negative peak at the M 5 edge.
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The LSDA + U calculations with averaged U and J give a

correct value of the positive peak at the M 5 edge and the

negative peak at the M 4 one but still overestimate the in-

tensity of the negative peak at the M 5 edge.

UBe13 is unlike the other heavy-fermion compounds

in that the better description of its XMCD and BIS spectra

requires spherically averaged U and J values. The physi-

cal reason for that is not clear, however there are some in-

dications from the calculations. Compare the orbital re-

solved 5 f 5 2/ DOS’s shown in Fig. 32 one can see that in

the LSDA + U solution with nonspherical corrections to

the Coulomb matrix elements, three particular 5 f 5 2/

states (m /j 	 �5 2, �3 2/ , and �1 2/ ) are fully occupied

which leads to a pure 5 f 3 configuration. The calculations

using the spherically averaged U and J values give a solu-

tion with partly empty m /j 	 �1 2 states with the main

peak of the N �1 2/ DOS very close to the Fermi level

(Fig. 32). This is the typical situation for a system with

mixed valence [38,185]. One should mention that the

LSDA + U method which combines LSDA with a basi-

cally static, i.e., Hartree–Fock-like, mean-field approxi-

mation for a multi-band Anderson lattice model does not

contain true many-body physics and cannot treat a sys-

tems with mixed valence properly. The evaluation of the

electronic structure of UBe13 needs further theoretical

investigations.

2.4. UGe2

The coexistence of ferromagnetism (FM) and super-

conductivity (SC) has been at the forefront of condensed

matter research since a pioneering paper by Ginzburg

[186]. The interplay between two long-range orderings

FM and SC is a fascinating aspect in strongly correlated

electron systems because generally SC does not favorably

coexist with FM since the FM moment gives rise to an in-

ternal magnetic field, which breaks the pairing state.

During the last three decades, however, the discovery

of a number of magnetic superconductors has allowed for

a better understanding of how magnetic order and super-

conductivity can coexist. It seems to be generally ac-

cepted that antiferromagnetism with local moments com-

ing from rare-earth elements readily coexists with type-II

superconductivity [187]. This is because superconductiv-

ity and magnetism are carried by different types of

electrons; magnetism is connected with deeply seated 4 f

electrons, while superconductivity is fundamentally related

to the outermost electrons such as s, p, and d electrons. In

the case of a ferromagnetic superconductor the situation is

more complex because internal fields are not canceled out in

the range of a superconducting coherence length in contrast

with an antiferromagnetic superconductor.

Recently, UGe2 has attracted considerable attention

because the coexistence of SC and FM was found under

high pressure [188,189]. It is particularly interesting to

note that both of ferromagnetism and superconductivity

may be carried by itinerant 5 f electrons, which can be ho-

mogeneously spread in the real space, although it is still a

matter of debate and remains to be resolved.

UGe2 crystallizes in the orthorhombic ZrGa2 structure

(space group Cmmm). At ambient pressure, UGe2 orders

ferromagnetically below the Curie temperature TC = 52 K

with the ordered moment of 1.4 � B . The magnetic proper-

ties are strongly anisotropic, and the easy magnetization

axis is the crystallographic a axis of the ZrGa2 structure.

Superconductivity is found in the pressure range of 1.0 to

1.6 GPa. The highest superconducting critical tempera-

ture TSC = 0.8 K at the pressure PC = 1.2 GPa, while TC =

= 35 K at that pressure. As the applied pressure increases,

the superconductivity disappears where the ferromagne-

tism disappears at around 1.7 GPa. Therefore, the super-

conductivity and ferromagnetism in UGe2 seem to be

closely related, although the mechanism of superconductiv-

ity has not been understood yet, and it is very important to

characterize the magnetic properties of UGe2. The XMCD

technique developed in recent years has evolved into a pow-

erful magnetometry tool to separate orbital and spin contri-

butions to element specific magnetic moments. XMCD ex-

periments measure the absorption of x-rays with opposite

(left and right) states of circular polarization.

In a recent publication [190] we reported on the x-ray

absorption and magnetic circular dichroism measure-

ments performed at the M 4 5, edges of uranium in the fer-

romagnetic superconductor UGe2. The spectra are well

described with the LSDA +U electronic structure compu-

tation method. Combined with the analysis of the pub-

lished (i) x-ray photoemission spectrum, (ii) two-dimen-

sional electron positron momentum density, and (iii)

angular dependence of the de Haas–van Alphen frequen-

cies, we infer for the Coulomb repulsion energy within

the 5 f electron shell U = 2 eV.

The present work is an extension of the previous study.

Recently, Okane et al. [191] measured x-ray absorption

magnetic circular dichroism at the U N 4 5, and N 2 3, edges

as well as at the Ge L2 3, ones for the ferromagnetic super-

conductor UGe2 in the normal state. The orbital and spin

magnetic moments deduced from the sum rule analysis of

the XMCD data indicate that the U atom in UGe2 is con-

sidered to be closer to the trivalent state rather than the

tetravalent state. The XMCD measurement at the U N 2 3,

indicates that the U 6d electrons have negligibly small

magnetic contributions.

Inada et al. [192] also performed XMCD experiments

at the Ge K edge in UGe2. The Ge K edge XMCD spec-

trum shows a main negative peak near the edge and a

small positive one at 7 eV above the edge. The amplitude

of this spectrum is unusually very large in spite of being at

ligand sites.
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1. U N 4 5, XMCD spectra. Figure 35 shows the calcu-

lated XAS and XMCD spectra in the LSDA and LSDA +U

approximations for UGe2 at the N 4 5, edges together with

the corresponding experimental data [191]. The experi-

mentally measured XAS spectra have a rather simple line

shape composed of two white line peaks at the N 5 and N 4

edges and no distinct fine structures due to multiplet split-

ting were observed. This justifies the description of the ab-

sorption of the incident x-rays in terms of a one-particle ap-

proximation. Hence, valuable information on the nature of

the 5 f electrons can be obtained from comparison of experi-

mental data to results of band-structure calculations.

The XMCD signals at the N 5 and N 4 edges have the

same sign, and the XMCD signals at the N 4 edge have a

much higher intensity than those at the N 5 edge. These

behaviors were commonly observed in the XMCD spectra

at the U M 4 5, edges of the ferromagnetic uranium com-

pounds [43] from which one can conclude that the orbital

and the spin magnetic moments are directed in the oppo-

site direction to each other.

A qualitative explanation of the XMCD spectra shape

is provided by the analysis of the orbital character, occu-

pation numbers of individual 5 f orbitals and correspond-

ing selection rules. Because of the electric dipole selec-

tion rules (�l 	 
 1; �j 	 
0 1, ) the major contribution to

the absorption at the N 4 edge stems from the transitions

4 43 2 5 2d f/ /� and that at the N 5 edge originates primar-

ily from 4 55 2 7 2d f/ /� transitions, with a weaker contri-

bution from 4 55 2 5 2d f/ /� transitions. The selection

rules for the magnetic quantum number m j (m j is re-

stricted to � �j j, ... ) are �m j = +1 for � 	 � and

�m j 	 �1for � 	 �.

In our previous paper [72] we show that qualitatively

the XMCD spectrum of U at the M 5 edge (I 	 � �� �— )

can be roughly represented by the following m j projected

partial density of states: [N �7 2
7 2

/
/ + N N� �5 2

7 2
7 2
7 2

/
/

/
/] [ +

+ N 5 2
7 2
/
/ ]. Here we used the notation N

m

j

j
with the total mo-

mentum j and its projection m j . As a result, the shape of

M 5 XMCD spectrum usually results in two peaks of op-

posite sign: a negative peak at lower energy and a positive

peak at higher energy. Relative intensity of the negative

and positive lobes depends on the value of crystal field

and Zeeman splitting of the 5 f 7 2/ electronic states [116].

As the separation of the peaks is smaller than the typical

lifetime broadening, the peaks cancel each other to a large

extent, thus leading to a rather small signal. Similar con-

sideration is valid also for the N 5 edge.

It can be shown (see [72]) that the XMCD spectrum of

U at the M 4 and N 4 edges can be fairly well represented

by considering m j projected partial density of states:

� �[ /
/N 3 2

5 2 N 5 2
5 2
/
/ ]. It explains why the dichroic M 4 as well

as N 4 lines in uranium compounds consist of a single

nearly symmetric negative peak.

We should note, however, that the explanation of the

XMCD line shape in the terms of partial DOS’s presented

above should be considered only qualitatively. First, there

is no full compensation between transitions with equal fi-

nal states due to difference in the angular matrix ele-

ments; second, in our consideration we neglect cross

terms in the transition matrix elements. Besides, we have

used here the jj-coupling scheme where the total momen-

tum j is written as j l s	 � . However, the combination of

the hybridization, Coulomb, exchange and crystal-field

energies may be so large relative to the 5 f spin-orbit en-

ergy that the jj-coupling is no longer an adequate

approximation.

Figure 35,b shows the calculated XMCD spectra in the

LSDA and LSDA + U approximations for UGe2 together

with the corresponding experimental data [191]. The

overall shapes of the calculated and experimental ura-

nium N 4 5, XMCD spectra correspond well to each other.

The major discrepancy between the calculated and expe-

rimental XMCD spectra is the size of the N 4 XMCD

peak. The LSDA theory produces much smaller intensity
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for the XMCD spectrum at the N 4 edge in comparison

with the experiment. It also can’t produce the correct

shape of the N 5 XMCD spectrum. On the other hand, the

LSDA + U approximation with U = 2 eV produces excel-

lent agreement in the shape and intensity of XMCD spec-

tra at the N 4 5, edges.

Now we focus on values of moments of the 5 f shell.

The orbital magnetic moment can be estimated from the

XMCD sum rules [74,194]. By integrating the experimen-

tally measured XAS and XMCD spectra at the M 4 5, edges

we obtained � L = 1.91 and 1.75 � B for the hypothetical

f 2 and f 3 configurations, respectively [190]. A similar

procedure has been used by Okane et al. at the N 4 5, edges

[191], they obtained � L = 1.89 and 2.35 � B for the f 2 and

f 3 configurations, respectively. Although the values for

the f 2 configuration are very close, the values for the f 3

configuration differ more than 30 %. One of the possible

reasons for such disagreement might be connected with

the fact that the application of the sum rule is valid only

when the spin orbit splitting of the core level is suffi-

ciently large compared with other interactions including

the core-valence Coulomb and exchange interaction. The

condition may not be so clear at the U N 4 5, edges because

the spin-orbit splitting is considerably smaller than that at

the U M 4 5, edges [191]. One should mention also that

XMCD sum rules are derived within an ionic model using

a number of approximations [43,195]. The largest mis-

take comes from the ignorance of the energy dependence

of the radial matrix elements in sum rules, sometimes it

can produce an error up to 100 % [196].

From our LSDA + U band structure calculations with

U 	 2 eV we obtain a larger 5 f orbital magnetic moment:

M l = 3.46 � B , which may indicate that the LSDA + U is

producing too much localization for the 5 f orbitals [73].

The analysis of the orbital projected DOS provided in

our previous paper shows that for U 	 2 eV the two most

populated 5 f orbitals become almost completely occu-

pied and corresponding peaks of orbital resolved DOS are

found below the Fermi energy, EF (see Fig. 3 in [190]).

The third most occupied orbital remains only partially oc-

cupied. Whereas the main peak of DOS projected onto

this orbital is situated below EF , an additional narrow

peak can be seen just above the Fermi level. Even for

U 	 4 eV the third peak remains partially occupied. We

can conclude that the U atom in UGe2 possesses a valency

somewhat in between U 4 � ( f 2) and U 3 � ( f 3).

One should mention that the ratio R /L S	 �� � of the

orbital to spin moment is not in disagreement with the ex-

periment: our LSDA + U calculations produce R 	 2.25,

while the experimental estimations give 2.24 and 2.51 for

f 3 configurations by integrating the spectra at the M 4 5,

and N 4 5, edges, respectively [190,191].

2. U N 2 3, and Ge L2 3, XMCD spectra. In order to in-

vestigate the contribution of the U 6d electrons to the

magnetization, Okane et al. [191] have measured XMCD

at the U N 2 3, edges, too. Figure 36 shows the calculated

XAS and XMCD spectra in the LSDA + U approxima-

tions for UGe2 at the N 3 edge together with the corre-

sponding experimental data [191]. The experimentally

measured XAS spectrum has quite large background in-

tensity. One can see that no appreciable XMCD signals

are observed at the U N 3 edge.

The theoretical LSDA + U calculations also produce a

XMCD spectrum of very small intensity Fig. 36,b. It

might be connected with quite a small U 6d spin and or-

bital magnetic moments equal to 0.075 and �0.041 � B ,

respectively.

Okane et al. also measured XAS and XMCD spectra in

the region of the Ge L2 3, absorption edges [191]. The

spectra have quite complicated line shapes and it is hard

to separate the Ge L2 3, signal from U N 2 and Gd M 4

XMCD signals. The later arises from the sample holder.

Figure 37 presents the calculated XMCD spectra of the

UGe2 at the Ge L2 3, edges compared with the experimen-

tal data [191]. The authors of [191] consider a positive

peak B at 1215 eV, a negative peak C at 1228 and another
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negative peak D at 1255 eV as the XMCD spectra of the

Ge L2 3, edges, since the energy separation between those

structures is close to the spin orbit splitting of the Ge L2 3,

core level 30 eV. A strong negative peak at around 1183 eV

(peak A) apparently comes from the Gd M 5 spectrum of

the sample holder. A positive XMCD peak at 1215 eV may

include probably not only the Ge L3 contribution but also a

contribution from Gd M 4 , and the broad hump at around

1270 eV may arise from U N 2 contributions [191].

Our band structure calculations perfectly describe the

peaks B and C as the L3 XMCD spectrum, while the L2

XMCD spectrum well reproduces the fine structure D.

Due to larger U 4 1 2p / electron energy binding in compari-

son with the Ge 2 1 2p / one, U N 2 XMCD spectrum is situ-

ated at the higher energy side of the Ge L2 spectrum

(peak E). The values of Gd 5d orbital (spin) magnetic mo-

ments are equal to 0.018 (0.019), 0.022 (0.013) and 0.010

(0.011) � B at the Ge1, Ge2, and Ge3 sites, respectively.

The main contribution to the intensity of XMCD L2,3

spectra come from Ge1 and Ge2 sites because they have

larger magnitude for their spin and orbital polarizations

(Fig. 37,a).

Through turning the SOI off separately on the Ge 4d

and the U 5 f states we found that the negative peak C

originates from the spin polarization in the Ge 4d sym-

metric states through the SOI while the Ge 4d and U 5 f

hybridization is responsible for large positive XMCD at

around 1215 eV (peak B).

One should mention that XMCD spectra at the U N 2 3,

and Ge L2 3, edges are mostly determined by the strength

of the SO coupling of the initial U 4 p and Ge 2 p core

states and spin-polarization of the final empty d 3 2 5 2/ , /

states while the exchange splitting of the U 4 p and Ge 2 p

core states as well as the SO coupling of the d valence

states are of minor importance for the XMCD at the U

N 2 3, and Ge L2 3, edges of UGe2.

3. Ge K XMCD spectrum. The 4 p states in transition

metals usually attract only minor interest because they are

not the states responsible for magnetic or orbital orders.

Recently, however, understanding 4 p states has become

important since XMCD spectroscopy using K edges of

transition metals became popular, in which the 1s core

electrons are excited to the 4 p states through the dipolar

transition. The K edge XMCD is sensitive to electronic

states at neighboring sites, because of delocalized nature of

the 4 p states. It is expected that the ligand site XMCD is a

candidate for one of the effective probes which can detect

the mixing between p and f states in uranium compounds.

Figure 38,b shows the calculated XMCD spectra in the

LSDA + U approximations for UGe2 at the K edge to-

gether with the corresponding experimental data [192].

The experimental XMCD spectrum shows a main nega-

tive peak near 11100 eV and a small positive peak at about

7 eV higher. One might expect only tiny signals of XMCD

from the 4 p band, because it does not possess a large mag-

netic moment. However, the intensity of the negative

peak of UGe2 K XMCD spectrum reaches about 3% of the

intensity of the fluorescence (or absorption) from K edge

[192]. This value is large. Even the iron K edge XMCD is

only on the order of 0.3% [197].

The K XMCD spectra come from the orbital polariza-

tion in the empty p states, which may be induced by (i) the

spin polarization in the p states through the spin-orbit in-

teraction (SOI), and (ii) the orbital polarization at neigh-

boring sites through hybridization.

We calculated the XMCD spectra at Ge site with turn-

ing the SOI off separately on the Ge 4 p and the U 5 f

states, respectively. We found that the prominent negative

peak is reduced in intensity more than one order of magni-

tude when the SOI on the U 5 f states is turned off, while

the small positive lobe almost does not change. When the

SOI on the Ge 4 p orbital is turned off the negative promi-

nent peak is slightly changed and the positive lobe is di-

minished. We can conclude that the positive lobe origi-

nates from the spin polarization in the Ge 4 p symmetric

states through the SOI. The Ge 4 p and U 5 f hybridization

is responsible for large negative XMCD near the Ge K

edge. This indicates that the Ge 4 p orbital polarization

originates mainly from the large 5 f orbital polarizations
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at neighboring U atoms through Ge 4 p–U 5 f hybridiza-

tion. This mechanism seems different from the XMCD in

transition metal compounds in which the 4 p orbital polar-

ization is induced mostly by the 4 p spin polarization at

the atom itself through the SOI [43].

Similar results have been obtained by Usuda et al.

[198] for the magnetic resonant x-ray scattering (MRXS)

spectra at Ga sites in the antiferromagnetic cubic phase of

UGa 3: the MRXS intensity largely decreased when the

SOI on the U 5 f states is turned off, while it was only

slightly reduced when the SOI on the Ga 4 p orbital is

turned off.

From our LSDA + U band structure calculations the

value of the orbital magnetic moment in the p projected

bands are equal to �0.025, �0.031, and �0.006 � B at Ge1,

Ge2, and Ge3 sites, respectively. The contributions to the

intensity of XMCD K spectrum from different Ge sites are

related to the magnitude of their orbital polarizations

(Fig. 38,a).

3. Summary

Recent progress in first-principles calculations of the

x-ray magnetic dichroism illustrates that the XMCD spectra

are developing into a powerful tool for tracing the electronic

and magnetic structure of solids. The density-functional the-

ory in the local-density approximation gives a fully satisfac-

tory explanation of the XMCD spectra of transition metal

compounds and alloys in most cases. Morover, theory can

help to understand the nature of XMCD spectra and gives

some recommendations how to create compounds with ap-

propriate magnetic properties.

We demonstrated that XMCD K spectrum reflects the

orbital polarization in differential form of the p states.

Due to small exchange splitting of the initial1s core states

only the exchange and spin-orbit splitting of the final 4 p

states is responsible for the observed dichroism at the K

edge. The XMCD spectra of transition metals for the L2 3,

edge are mostly determined by the strength of the SO cou-

pling of the initial 2 p core states and spin-polarization of

the final empty 3d 3 2 5 2/ , / states while the exchange split-

ting of the 2 p core states as well as SO coupling of the 3d

valence states are of minor importance.

The recently derived sum rules for the orbital and spin

magnetic moments were tested for several compounds.

XMCD sum rules are derived within an ionic model using

a number of approximations. For L2 3, , they are: (1) ignor-

ing the exchange splitting of the core levels; (2) replacing

the interaction operator � �a � by � �a �; (3) ignoring the

asphericity of the core states; (4) ignoring the difference

of d 3 2/ and d 5 2/ radial wave functions; (5) ignoring p s�

transitions; (6) ignoring the energy dependence of the ra-

dial matrix elements. The last point is the most important.

We show that the energy dependence of the matrix ele-

ments and the presence of p s� transitions affect

strongly the values of both the spin and the orbital

magnetic moments derived from the sum rules.

In most of the 4 f systems, the f electrons are localized

and form a Hund’s rule ground state. The application of

plain LDA calculations to 4 f electron systems encounters

problems in most cases, because of the correlated nature

of electrons in the f shell. To better account for strong

on-site electron correlations the LSDA + U approach

should be used, in which a model Hamiltonian explicitly

including the on-site Coulomb interaction,U , for localized

states is combined with the standard band structure calcu-

lation Hamiltonian for extended states. The LSDA + U

method provides a rather good description of the elec-

tronic structure and the XMCD properties of some lan-

thanide compounds.

Actinide compounds occupy an intermediate position

between itinerant 3d and localized 4 f systems, and one of

the fundamental questions concerning the actinide mate-

rials is whether their f states are localized or itinerant.

This question is most frequently answered by comparison
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between experimental spectroscopies and the different

theoretical descriptions. X-ray absorption spectroscopy,

photoelectrons spectroscopy and bremsstrahlung isochro-

mat spectroscopy supply direct information about the en-

ergy states (both occupied and unoccupied) around the

Fermi energy, and can provide a means of discrimination

between the two theoretical limits. The dual character of

5 f electrons alongside with the presence of strong SO

coupling make the determination of the electronic struc-

ture of uranium compounds a challenging task because in

many of them the width of 5 f bands, their spin-orbit split-

ting, and the on-site Coulomb repulsion in the partially

filled 5 f shell are of the same order of magnitude and

should be taken into account on the same footing.

There are some features in common for all the uranium

compounds investigated up to now. First, the dichroism at

the M 4 edge is much larger, sometimes of one order of

magnitude, than at the M 5 one. Second, the dichroism at

the M 4 edge has a single negative peak that has no dis-

tinct structure, on the other hand, two peaks, a positive

and a negative one, are observed at the M 5 edge. The pe-

culiarities of the XMCD spectra can be understood quali-

tatively considering the partial density of states and the

electric dipole selection rules.

The overall shapes of the calculated and experimental

uranium M 4 5, XMCD spectra correspond well to each

other. The major discrepancy between the calculated and

experimental XMCD spectra is the size of the M 4 XMCD

peak. The LSDA theory produces usually much smaller

intensity for the XMCD spectrum at the M 4 edge in com-

parison with the experiment and simultaneously gives in-

appropriate dichroic signal strength at the M 5 edge. It

fails to produce a correct intensity of dichroic signal at the

M 4 edge even in UFe2 which is widely believed to have

itinerant 5 f electrons. As the integrated XMCD signal is

proportional to the orbital moment this discrepancy could

be related rather to an underestimation of the orbital mo-

ment by LSDA-based computational methods rather than

to a failure in the description of the energy band structure

of the itinerant 5 f systems. The LSDA +U approximation

gives much better agreement in the shape and intensity of

the XMCD spectra both at the M 4 and M 5 edges in ura-

nium compounds.

Concerning the best description of line shape and

intensity of the XMCD spectra, the investigated metallic

uranium compounds fall into two groups according to the

type of LSDA + U method used. The LSDA + U (OP)

approximation (U eff = 0) better describes the XMCD spec-

tra in UFe2, UXAl (X = Co, Rh, and Pt), UPd2Al3, and

UNi2Al3 compounds. But the XMCD spectra of UPt3,

URu2Si2, and UBe13 are better described by the LSDA + U

method with U = 2.0 eV and J = 0.5 eV. It might be con-

cluded to some extent that the last three compounds have

a larger degree of localization than the compounds from

the first group.
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