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Electronic structure and x-ray magnetic circular dichroism in uranium compounds. I. UFe,
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The electronic structure, magneto-optical and x-ray magnetic circular dich(xM@eD) spectra of UFg
were investigated theoretically from first principles, using the fully relativistic Dirac linear muffin-tin orbital
band-structure method. The electronic structure is obtained with the local spin-density approxiirabéy),
as well as with a generalization of the LSBAJ method which takes into account the nondiagonal occupation
matrix (in spin indexey of localized electrons. The origin of the Kerr rotation and XMCD spectra in the
compound is examined.
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[. INTRODUCTION given by polarized neutron scatterifgSpin moments were
also derived from the magnetic-Compton profile of Yhke
Uranium compounds exhibit a rich variety of properties toRef. 13, and found to be equal t60.20ug and 0.52 at U
a large extent because of the complex behavior of their 5and Fe sites, respectively. UR@as also studied by means of
electrons. The b states in U are intermediate between thephotoelectron spectroscopy which showed a pronounced
itinerant 3 electrons in transition metals and the localizedstructure at the Fermi level that extends some 2—3 eV below
4f electrons in rare-earth compounds. The determination dEr and originates from U b states:*°

the electronic structure of U compounds is a challenging task " order to examine how the hybridization betweeh 5
because in many of them the width of thé bands, their electrons of uranium and thed3lectrons of iron affects the

spin-orbit splitting, and the on-site Coulomb repulsion in theMagnetic ex;:ha_ngg parameters and spin-\f/vave ;pectre;, mea-
partially filled 5f shell are of the same order of magnitude surements of spin dynamics in UPwere performed in Refs.

and should be taken into account on the same footing. Intell6’17' There are tvvo.|mp_ortant results emerging from these
measurements. The first is the large Fe-Fe exchange param-

est in uranium compounds has recently been renewed, espe- . . .
eterJe..rc(Or equivalently the large spin-wave stiffness con-

cially after the discovgry of such unusqal effects as heav)étan) deduced from the Fe spin-wave model. It is actually
fermion superconductivity and the coexistence of SuDerCO”Onprecedented that diluting Fe results in a larger Fe-Fe ex-

ductivity and magnetism. _ change. The increase iffe.re must surely come from the
UFe, is one of the actinide compounds that has been ing¢_ 34 jnteraction. The second point is the absence of any
tensively studied for several decade$Below 160 K UFe scattering involving the uranium spins. The absence of, in
is a ferromagnet with a low magnetic anisotropy similar toparticular, the acoustic U mode was attributed to the ten-
that of pure iron. Interest in this compound arises from thedency of magnetic response of thé States to spread over
fact that the total moment on the uranium site is very small, q) space because of hybridization with the 8lectrons
as was first deduced from neutron-diffraction experiméfits. of iron .16
Evidence for strong hybridization between the © &nd Fe Paolasiniet al!® measured the phonon-dispersion curves
3d electrons in UFgwas first theoretically provided by spin- in YFe,, UFe,, and CeFgLaves phases by inelastic neutron
polarized band-structure calculations performed by Brookscattering. The phonon-dispersion curves and the generalized
et al. in Ref. 9. They predicted that one consequence of thghonon densities of states were evaluated by a Born—von
hybridization would be a reduction, as compared to the freeKarman model. Many differences in the phonon spectrum
ion value in the orbital moment of uranium. Using polarizedare found in UFg with respect to the isostructuré EFe,
neutrons and elastic scattering Wubt al® and Lebech compounds RE=rare earth Compared to the expectation
et al!* showed that this was, in fact, the case. The orbital anghased on the knowledge of oth&EFe, compounds, the
spin moments are both of about 025, but they are oppo- Fe-Fe and U—Fe longitudinal force constants exhibit a large
sitely directed, and hence the net moment, which is the sunhcrease in UFg whereas the U-U longitudinal force con-
of the orbital and spin contributions, on the U site is close tostants are substantially reduced. Furthermore, the Fe-Fe
zero. The neutron experimeffts*on single crystals of URe  transverse force constants in UFare negative, whereas
also showed that the Fe moment is (0:#8D03)ug, a sub-  these parameters are usually near to positive and small in the
stantial reduction from the 212 of pure Fe. Recently the  Laves phase¥ Normally a negative force constant indicates
spin and orbital moments on the uranium site in WRave  an incipient structural instability, but this is prevented by
been deduced from x-ray magnetic circular dichroismother interactions. It is tempting to ascribe these dramatic
(XMCD) data by using sum rules. It was found thdt. ~ changes in the Ukeforce constants, compared to those of
=0.21ug andMg=—0.20ug in agreement with the results the other materials, to electronic interactions. Such interac-
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tions, arising presumably from the hybridization of  &nd  electronic structure and XMCD spectra of some heavy-
Fe 3 itinerant electrons, may also be responsible for thefermion uranium compounds UPt URW,Si,, UPdAIj,
large magnetoelastic interactions found in YRe ~ UNizAl3, and UBg3. We use both the LSDA and LSDA

The experimental measurements of the magneto-optical U approaches to assess the sensitivity of the XMCD re-
(MO)lgpropertles of UFg were recently reported by Kucera sults to different treatments of the correlated electrons.
et al.™ Oppeneeet al. calculated the MO specira of Upn The comparison between experiment and theory provides
the local spin-density approximatidhSDA).“" The experi-  insjght into the nature of the f5electrons and offers some
mentally measured spectra appeared later, therefore their c@lyaiuation of the suitability of several electronic structure
culations can be considered as a prediction. The calculationgeihods for treating B electrons. In a few cases it is clear
have bgen.made for b(.)th t{601) and (111) d|rect!ons Of. that more sophisticated many-body approaches are needed if
magqeﬂc field, and quite small magnetqcrystalh_ne "?m'SOt'satisfactory quantitative agreement is to be achieved.
ropy in the Kerr spectrum of Ukavere obtained. Th_|s might This paper is organized as follows. Section Il presents a
be related to the cubic crystal symmetry and, possibly, also tgescription of the crystal structure of UFand the compu-
the small U moment® The calculations included only inter- . : : . ;

Pat|onal details. Section Il is devoted to the electronic struc-

band transitions, as a result, a deep minimum in the Ker ) :
rotation spectrum in the O to 1.5 eV energy range was obtUré: MO and XMCD properties of Uhecalculated in the

tained, which is not observed in the experimental spectfum. LSDA and LSDA+U approximations. The MO and XMCD
The x-ray magnetic circular dichroism technique devel-theoretical calculations are compared to the experimental

oped in recent years has evolved into a powerful magnetonineasurements. Finally, the results are summarized in Sec. IV.

etry tool to separate orbital and spin contributions to element

specific magnetic moments. X-ray magnetic circular dichro-

ism experiments consist of measuring the absorption of x Il. CRYSTAL STRUCTURE AND COMPUTATIONAL

rays with oppositéleft and righ} states of circular polariza- DETAILS

tion. Study of the 5 electron shell in uranium compounds is ) ) ) .

usually performed by tuning the energy of the x ray close to UF& crystallizes in the cubic face-centerés}, Laves

the M, 5 edges of uraniunilocated at 3552 and 3728 eV, Phase Ed3m space groupwith eight formula units per unit

respectively where electronic dipole transitions between cell. Six atoms are required to specify the primitive cell,

3dg50and 5, 75 States occur. Recently XMCD measure- Which contains only two inequivalent sites: four Fe atoms

ments have been successfully performed for uranium comt16d positiong form a tetrahedral sublattice whereas two U

pounds such as U%;?2 USh, Te,s,2% U,La,_S,?* UBe;;  atoms (& positions form the characteristic diamond sublat-

and UP%,%° UFe,,'%2° UNi,Al 3,%" UPd,Al; and URyYSi,,?®  tice. The nearest Fe-Fe distance in this structur@.6 A

URNAI,* UCoAIl and UPtAI*° There are some features in with coordination number)és actually shorter than found in

common for all the uranium compounds investigated up tqure iron(2.8 A with coordination number)8The U-U sepa-

now. First, the dichroism at th&1, edge is much larger, ration in UFe is also rather small3.05 A).

sometimes one order of magnitude larger, than atNhe We now turn to a description of the magneto-optical ef-

one. Second, the dichroism at thk, edge has a single nega- fects, which refer to various changes in the polarization state

tive lobe that has no distinct structure, on the other hand, twef |ight upon interaction with materials possessing a net

lobes, a positive and a negative one, are observed dlthe magnetic moment, including rotation of the plane of linearly

edge. Concerning the line shape of the XMCD signal, the,,|arized light(Faraday, Kerr rotation and the complemen-

'“VeS“QatEd metallic uranium cqmpounds faII- |.nto two typestary differential absorption of left and right circularly polar-

according to the relative intensity of the positive and N€Yai e light (circular dichroism. In the near visible spectral

t'\lle Iotbes ok)lsgr\t/ed .?t tPM 5U6d98'PTrj£ twali?gles hz:tjve range these effects result from excitation of electrons in the
almost equal intensity for Up GAls, » an conduction band. Near x-ray-absorption edges, or reso-

UBeys. .On the. other hand, f[he positive lobe is smaller Innances, magneto-optical effects can be enhanced by transi-
comparison with the negative one for US, Wgtes, tions from well-defined atomic core levels to valence states
UFe,, URW,SI,, UCo0AI, and URhAL.

With the above as background, we have performed calc gelected by transitip n matrix glement symmet_ry. There are at
lations to evaluate the XMCD properties for a number O?Ieast two alterngtlve formalisms for describing 'resopant
uranium ferromagnetic materials. Besides the inherent inter$-"@y MO properties. One approach uses the classical dielec-
est in the materials studied, the use of similar methods t§C ten_sor? Another one uses the resonant atomic scattering
study materials with different degrees of localized téec-  actor including charge and magnetic contributiéhs’ The
tronic states helps to establish the limitations of the LSDA€duivalence of these two descriptignithin the dipole ap-
approach and to identify where techniques like the LSDAProximation is demonstrated in Ref. 34.

+U method are needed. We have divided the work into three For the polar Kerr magnetization geometry and a crystal
papers, with this paper |, concentrating on the description o@f tetragonal symmetry, where both the fourfold axis and the
the methods and the results for the YFEhis compound, as magnetizatiorM are perpendicular to the sample surface and
widely believed, belongs to the class of uranium compoundghe z axis is chosen to be parallel to them, the dielectric
with itinerant 5 electrons. Paper Il deals withTAl (T  tensor is composed of the diagonal, and ¢,,, and the
=Co, Rh, or Ptintermetallics. Paper Il is devoted to the off-diagonale,, components and has the form
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Exx  Exy O tively, left and right circular photon polarizations with re-
spect to the magnetization direction in the splid
e=| "8y &x 0| 1) While the XMCD spectrum is calculated using E&),
0 0 &,y some of its features can be understood already from a sim-

. plified expression for paramagnetic solids. By restricting
In the polar geometry the expression for the complex Kerioneself to electric dipole transitions, performing the integra-
angle can be easily obtained for small angles and is givefion only inside atomic spherdslue to the highly localized

by> core sates and averaging with respect to the polarization of
) the light, one obtains the following expression for the ab-
k() +iek(w)=—0y(w)/D(w), 2 sorption coefficient of the core level with,{) quantum
where numbers;?
4’7T| 2J+1 5|/’|+15'/"+1 (S|/‘|,1(S'/",l
D(0)= (@) \ 1+ o), 3 Mﬂ(w>=|% 2 1 e
with 6x being the Kerr rotation andy being the so-called O 111057 i
Kerr ellipticity. o,z (e, B=X,y,2) is the optical conductivity + GrD2i+1) N (E)Ci ;" (E),  (6)

tensor, which is related to the dielectric tensqy; through
A whereN;, ;,(E) is the partial density of the empty states and
gop(®)=0,p5+ Taaﬁ(w)' (4) lej'J'(E) the radial matrix element.

In order to simplify the comparison of the theoretical
xray isotropic absorptioM 4 s spectra of UFgto the experi-
mental ones we take into account the background intensity
which affects the high-energy part of the spectra. The shape

x-ray absorption caused by the transitions from inner lev-
Is to the continuum of unoccupied levels was first discussed
by Richtmyeret al. in the early thirties® The absorption
coefficient with the assumption of equally distributed empty
6ontinuum levels is

Using straightforward symmetry considerations it can b
shown that all magneto-optical phenome¥MCD, MO
Kerr, and Faraday effegt@are caused by the symmetry re-
duction, in comparison to the paramagnetic state, caused
magnetic orderind® This symmetry lowering has conse-
guences only when spin-orlii8O) coupling is considered in
addition. Therefore, in order to calculate the XMCD proper-
ties one has to account for both magnetism and SO couplin
at the same time when dealing with the electronic structure
of the material considered. Theoretical descriptions of mag- Cl“cfw dEg¢
EetIC dichroism can be cast into four categories. On one m(w) 2 Je,, (FC/2)2+(hw—ECf)2’

and, there are one-particlground-state and many-body 0
(excited-statetheories; on the other hand, there are theories
for single atoms and those which take into account the solidVheré Ect=Ec.—E;, Ec, andI'c are the energy and the
state. To name a few from each category, for atomic oneWidth of a core levelE; is the energy of empty continuum
particle theories we refer to Refs. 37 and 38, for atomid®Vels.E is the energy of the lowest continuum level, and C
many-particle multiplet theory to Refs. 39—42, for many-is a normalization constant which has been used as an ad-
particle theories for solids to Ref. 43, and for one-particlejustable parameter.
theories(photoelectron diffractionfor solids to Refs. 44— The intrinsic broadening mechanisms were also accounted
47. A multiple-scattering approach to XMCD, a solid-statefor by folding XMCD spectra with Lorentzians of half-width
one-particle theory, has been proposed by Ekeal*®*° of 3.4 and 3.7 eV for thél5 and M, spectra, respectively.
and Tamureet al>! The details of the computational method are described in

Within the one-particle approximation, the absorption co-our previous paper¥;>® and here we only mention several
efficient u for incident x rays of polarization and photon aspects. The calculations were performed for the experimen-
energyf o can be determined as the probability of electrontally observed lattice constaat="7.055 A using the LMTO
transitions from an initial core stat@ith wave functiony; ~ method®®’ in the atomic sphere approximation with the
and energyE;) to a final unoccupied statgvith wave func- ~ combined correction term taken into account. The radii of
tions ¢, and energyE ) atomic spheres for U and Fe were chosen to be equal to

3.2250 and 2.6414 a.u., respectively. We used the von Barth—
N ) Hedin parametrizatiofi for the exchange-correlation poten-
“J(“’)_% (W ok W) |? 0Bk — Ej — i) (B — E), tial. Brillouin zone integrations were performed using the
(5) improved tetrahedron methdtand charge self-consistency
was obtained with 349 irreducible points. The basis con-
with 7, = —eaa, being the dipole electron-photon interac- sisted of Us, p, d, f, andg; Fes, p, d, andf LMTO’s. The
tion operator, wherev are Dirac matrices, is the\ polar-  combined correction terms were also included in calculation
ization unit vector of the photon vector potentih.  of the optical matrix elemenf®. We calculated the absorp-
=1/\/2(1,+i,0),a,=(0,0,1)]. (Here +/— denotes, respec- tive part of the optical conductivity in a wide energy range

)
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UFe, N(E) determination include traditional gyromagnetic ratio
measurement§, magnetic form-factor measurements using
the neutron scatteriftf,and magnetic x-ray scatterifig.In
addition to these, the recently developed x-ray magnetic cir-
cular dichroism combined with several sum r§fe¥ has at-
tracted much attention as a method of site- and symmetry-
selective determination dfig and M, . Table | presents the
comparison between calculated and experimental magnetic
moments in UFg Polarized neutrons and elastic
8 x & — scattering®! as well as x-ray magnetic circular dichroism
measurement$reveal that the orbital and spin magnetic mo-
FIG. 1. The LSDA self-consistent fully relativistic, spin- ments on the U site are almost equal and oppositely directed,
polarized energy-band structure and total Df@Sstatesfunit cell hence the U net moment, which is the sum of the orbital and
eV)] of UFe,. spin contributions, is close to zero in UFérhe LSDA cal-
) _ culations do not provide such a compensatfidable ). The
and then the Kramers-Kronig transformation was used to caly spa total magnetic moment of uranium in UFis equal to
culate the Qispersive parts of the optical conductivity from_o_ZGMB (Table ) (with spin moment—0.61ug and orbital
the absorptive parts. 162 _ moment 0.3%). The calculated uranium moment is domi-
We have adopted the LSDAU method'*?as a different 5104 by 5 states: the § components of the spin and orbital
Igvel of approximation to t.rea't the electron-electron correlainoment are— 0.50ug and 0.344g, respectively.
tion. We used a generalization of the LSBAJ method It is a well-known fact, however, that the LSDA calcula-
which takes into account spin-orbit coupling so that the 0cyjgns fajl to produce the correct value of the orbital moment
.cupatllor? matrix of chahzed eIeptrons b_ecom_es non_d|_agonaéf uranium compound%B.‘” In the LSDA, the Kohn-Sham
in spin indexes. .Th|s method is described in detail in OUrequation is described by a local potential which depends on
previous papéf including the procedure to calculate the the electron spin density. The orbital current, which is re-
screened Coulomb and exchangé integrals, as well as the sponsible forM,, is, however, not included into the equa-

Slater integralé=?, F*, andF®. tions. This means, that althoudW is self-consistently de-
termined in the LSDA, there is no framework to determine
Ill. RESULTS AND DISCUSSION simultaneouslyM, self-consistently.
) Numerous attempts have been made to better estikhate
A. Band structure and magnetic moments in solids. They can be roughly classified into two categories.

The fully relativistic spin-polarized LSDA energy-band One is based on the so-called current density-functional
structure and total density of staté80S) of the ferromag- theory®~"> which is intended to extend density-functional
netic UFe compound are shown in Fig. 1. The bands in thetheory to include the orbital current as an extra degree of
lowest region betweer 7.3 and—4.0 eV have mostly Fe  freedom, which describe#!,. Unfortunately an explicit
character with a small amount of &pd character mixed in. form of the current density functional is at present unknown.
The energy bands betweend.0 and—0.3 eV are predomi- The other category includes orbital polarizatic@P),®®~"2
nantly Fe 3l states. The U 6 energy bands are located in the self-interaction correctioff, and LSDA+ U "2 approaches,
vicinity of E¢ in the energy range-0.4 to 2.0 eV. There is a Which provide a means to calculai, beyond the LSDA
strong hybridization between the U 56d, and Fe @l states. scheme.

In magnets, the atomic spid ¢ and orbitalM, magnetic For a better description d¥l,, the OP functional form of
moments are basic quantities and their separate determinBL2 with the Racah paramet&rhas been deducftfrom an
tion is therefore important. Methods of their experimentalatomic multiplet ground state without spin-orbit interaction

TABLE I. The experimental and calculated spihy, orbital M, , and totalM, magnetic momentén ug)

of UFe,.
U Fe UFe

Ms M M Ms M, M, M,
LSDA —0.61 0.35 —-0.26 0.68 0.06 0.74 1.22
LSDA+U(OP) -0.71 0.72 0.01 0.71 0.08 0.79 1.59
LSDA+U -1.83 3.08 1.25 1.14 0.20 1.34 2.59
LSDA (Ref. 70 -0.71 0.47 —-0.24 0.75 0.07 0.82 1.40
LSDA+OP (Ref. 70 —-1.03 0.88 -0.15 0.82 0.07 0.89 1.63
expttt -0.22 0.23 0.01 0.59 1.19
expt!? -0.20 0.21 0.01
expt!® -0.20 0.52
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(SOl), whereS andL are given by Hund’s rules. However,
the OP method does not assure us that it will give a good
description when the SOl is included and ttf&@andL are no
longer good quantum numbers. The inclusion of the OP cor-
rection in Ref. 70 brings the calculated total U moment in
UFe, to —0.15ug, in better agreement with experiment
compared to the LSDA calculatiori$able ).

Solovyevet al.”” argued that the key parameter respon-
sible for the exchange-correlation enhancement of the orbital
magnetic moments in solids is the “Hubbddd rather than
the intra-atomic Hund’s second rule coupling, being consis-
tent with a more general concept of the orbital polarization.
This leads to a unified rotationally invariant LSDAJ pre-
scription for the orbital magnetism.

Table | presents the calculated magnetic moments in,UFe
using the LSDA-U. We used a generalization of the
LSDA+U method which takes into account that in the pres-
ence of spin-orbit coupling the occupation matrix of local-
ized electrons becomes nondiagonal in spin indék&@he ]
matrix elements of this method contain bdti=U, which o 1 ' 2 ' 3 ' L 5
provides the splitting of the localized states into “lower and Energy (eV)
upper Hubbard subbands,” and the terms proportional to
Slater integrals=2, F4, and F®, which are responsible for FIG. 2. Calculated and experimental Kerr rotatiép and Kerr
angular correlations within the localized shell. In the caseellipticity ¢, spectra of UFgin comparison with the experimental
when U is effectively screened ants=U—J becomes data in Ref. 19 and bcc F&.
small, the latter terms give the dominant contribution to the
corresponding matrix elements. In our LSBAJ calcula-
tions we used two sets of parametet$=2.0 eV andJ .
—0.5 eV andU=J=0.5 eV. In the latter castl ;=0 and >:0 €V energy range in Ref. 19. _
the effect of the LSDA-U comes from nonspherical terms N Fig. 2 we show the calculated and experimental MO
which are determined b2, F4, andF® Slater integrals. In KerT spectra of UFg The Kerr spectra of Uheare signifi-
the following we will refer to calculations performed using cantly d_|fferent from_the spectra of pure b_cc Fe. Thls differ-
the LSDA+U method withU.;=0 as the LSDA- U(OP) ence arises predominantly from substantial reduction of the
calculations. magnetic moment, higher population of 3tates and differ-

The LSDA+ U(OP) calculations lead to almost complete ent location of the Fermi enerds in UFe, compared to bcc
cancellation of the spin and orbital magnetic moments at th&e. The agreement between the experimental Kerr spectra of
U site in agreement with the experimental data. At the sam&Fe, and theab initio LSDA calculated one is rather good
time the LSDA+U(OP) theory still strongly overestimates with the exception of a small blue shift of about 0.3 eV of the
the absolute value of both the spin and orbital magnetic motheoretically calculated prominent peak both in the Kerr ro-
ments at the U site in Uke The total moment per formula tation and ellipticity. The prominent peak at 0.6 eV in the
unit becomes 1.595, which is larger than the LSDA com- Kerr rotation results from a combination of a deep resonance
puted total moment of 1.22; and the experimental value of structure in the denominatdd(w) (Eg. 3 and interband
1.19ug. 1 transitions contributing inter,,, . Away from the peak, for

The LSDA+U method withU=2.0 eV andJ=0.5eV energies above 1.0 eV, the Kerr rotation and ellipticity spec-
strongly overestimates the spin and orbital magnetic motra are fully determined by the shape @f,,. The LSDA
ments at both the U and Fe sites and does not lead to the theU(OP) approximation produces a slightly larger Kerr ro-
cancellation of the spin and orbital magnetic moments at Uation spectrum in the whole energy interval in comparison
site (Table ). One can conclude that the on-site Coulombwith the LSDA calculations and the experiment. This might
repulsion on the U site is suppressed, most likely because dife connected with the overestimation of the U orbital mag-
the strong hybridization between U &and Fe 38l states. As netic moment in the LSDA U (OP) calculationgTable ).

a consequence, UfSelectrons in UFg demonstrate almost
purely itinerant behavior.

0.4 +

LSDA

Kerr ellipticity (deg)

Kerr rotation (deg)

flectivity were studied experimentally in UFever the 0.6—

C. XMCD spectra

Figure 3 shows the calculated fully relativistic spin-
polarized partial 5 density of states of ferromagnetic Ufe

Another stringent test for the applicability of the itinerant Because of the strong spin-orbit interaction df &ectrons,
LSDA approach to URewould be the description of the MO j=5/2 andj=7/2 states are well separated in energy and the
Kerr spectrum. The complex MO Kerr effect and optical re-occupied states are composed mostly & bstates whereas

B. MO spectra
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TABLE II. The dipole allowed transitions from coredg s,

> i 55:5/2 i | levels to the unoccupiedfg, 7, valence states for left\(= +1)
£ e Ry and right = —1) polarized x rays.
g ! ! .\:th
K 1 [t
g °7 ai' Edge N=+1 A=—1

2 i i —5/2--3]2 —5/2-—712

Q i —3/2--112 ~3/2--5/2

I | Mg —1/2—+1/2 —1/2——-3/2

s : +1/2-+3/2 +1/2-—1/2

+3/2— +5/2 +3/2—+1/2

+5/2—+7/2 +5/2— +3/2

Ereray (&V) —3/2—-1/2 —3/2——5/2

FIG. 3. The LSDA patrtial %5, and 5 ;,, density of stategin My —-1/2—+1/2 —-1/2—-3/2

stated/fatom eVf] in UFe,. +1/2—+3/2 +1/2——1/2

+3/2— +5/2 +3/2—+1/2

5f,, states are almost empty. One can note, however, that am
indirect hybridization between=5/2 andj=7/2 states via
Fe 3d states is rather strong.

In order to compare relative amplitudes of tlg andM g
X_MCD spectra we first normalize the corresponding isotro-edge is more than two times larger than at kg one.
pic x-ray-absorption specti@xAS) to the experimental ones

S U , We recall that theM, (Ms) edge corresponds to
taking into account the background scattering intensity a%d3/2(3d5/2)*>5f transitions. The createdd3core hole has

descrlb%d n ?ec. . g'g;,(/?cdbsmwstthe.Ca![(;]ulaf_esdD'ZOtroz'%lectrostatic interaction with thef5shell. However, in a first
x-ray absorption an spectra in the and approximation, this interaction can be neglected since no

LSDAT dU(E(i)ZP_IZhapprox_igna_tion];s togﬁthgr Vl\(’ith th(a experi- clear multiplet structure is distinguished in the absorption
menta hat : b edcoEtr(lj ?IIOI’] _ronr:t € bac grouln stqattZr— spectra. This approximation is supported theoretically since
Ing IS shown by dashed lines in the upper panel of Fig. 4. o gjater integralk(3d,5f) andG,(3d,5f) are small com-

The experimentally measured dichrdik;, line consists of ared to the F (5f,5f) integrals and @ spin-orbit
a simple nearly symmetric negative peak that has no distinc‘p K

truct Such Kis ch teristic of Mhe ed £ all hteraction?! Neglecting the core-level splitting the mea-
structure. such a peak Is charactenstic ot g €dge ot a sured spectra reflect the density of states above the Fermi

level weighted by the dipole transition probabilities. Since

the XMCD technique uses circular polarized x-rays, the di-

chroism contains information about the character of the mag-
netic sublevels in the DOS.

Because of the electric dipole selection ruléd € =1;
Aj=0,%£1) the major contribution to the absorption at the
M, edge stems from the transitionsl33,—5f5, and that at
the M5 edge originates primarily from &;,—5f, transi-
tions, with a weaker contribution fromd3,,— 5f5, transi-
tions. For the latter case the correspondirty2—5fs), ra-
dial matrix elements are only slightly smaller than for the
3ds,— 5f4 transitions. The angular matrix elements, how-
ever, strongly suppress thel3,— 5f5, contribution. There-
fore the contribution to XMCD spectrum at thds edge
from the transitions wittAj=0 is about 15 times smaller

than the transitions withj =1 (see Eq. &
_ -y The selection rules for the magnetic quantum nunmbger
20 0 20 40 60 80 100 120 (m; is restricted to—j, ... ,+j) areAm;=+1 forA=+1
Energy (eV) andAm;=—1 for \=—1. Table Il presents the dipole al-

FIG. 4. Isotropic absorption and XMCD spectra of YFe the lowed transitions for x-ray-absorption spectra at m,g and
uranium M, s edges calculated in the LSDAsolid lineg and M4 €dges for left § =+1) and right ¢ = —1) polarized x
LSDA+U(OP) (dashed lings approximations. Experimental 'aYs- _ .
spectrd? (circles were measured at 20 K and at magnetic field 2 T 10 go further, we need to discuss the characteristics of the
(the U M, spectrum is shifted by-95 eV to include it in the Sf empty DOS. Sincéands prefer to couple antiparallel for
figure)_ Upper panel also shows the background spe([]ahed less than half-filled shells, thp=|—3=5/2 has a lower en-
line) due to the transitions from innerd3, s, levels to the con-  ergy than thej=1+s=7/2 level. Due to the intra-atomic
tinuum of unoccupied levels. exchange interaction the lowest sublevel of jke5/2 will

uranium systems. The dichroic line at tMy edge has an
asymmetrics shape with two peaks—a stronger negative
peak and a weaker positive peak. The dichroism atMhe

100 +

Absorption (arb. units)
fonl
o

2+ LSDA+U(OP)
1 o * exper.

XMCD (arb. units)
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be ms,= —5/2, however, for thg =7/2 the lowest sublevel so-called “tails” of Fe 3 states arising as a result of the
will be m,,=+7/2. This reversal in the energy sequencedecomposition of the wave function centered at Fe atoms.
arises from the gain in energy due to alignment of the spinfhe careful analysis in the case of URifesented in Ref. 62
with the exchange fielg shows that the occupation number of the “tails” of Pd 4
The 5f,, states are almost completely empty in all the States sum up to give thef Boccupation of 0.9 electrons in
uranium compounds. Therefore all the transitions listed iff’€ U atomic sphere. We should also note that due to the
Table Il are active in thé/; absorption spectrum. The con- stfrong hybr|.d|zat|on between Uf|5an|d Fe 3 states, tr;th
tribution from the first four transitions for=+1 cancels to 2722 states :;‘ UIF? are not comp ftiy emF;t);, somﬁ_oht em
a large extent with the contribution of the opposite sign froma'€ OCcUpI€d, aiso some amount 0 E.%és ates, which we
the last four transitions foh=—1 having the same final have been considering as fully occupied, are partllally empty.
states. Thus the XMCD spectrum of U at the, edge ( The overall shapes of the calculated and experimental ura-

R ; i~ hium M, 5 XMCD spectra correspond well with each other
#—p) can be roughly approximated by the follozwmg (Fig. 4). The major discrepancy between the calculated and

iulilnmof j“JI'\IpJ,Sf ;t;a/go)l Fﬁrtlal densm(?[; of tSt?t?:]N f7’2 experimental XMCD spectra is the size of tMy XMCD
-5 ~ (N7 Nejg). Here we use the notatio m; 10r peak. The LSDA underestimates the integral intensity of the
the denSity of states with the total momenthmnd its pro- XMCD at M4 edge_ As the integrated XMCD Signa] is pro-
jectionm;. As a result, the shape of thds XMCD spec-  portional to the orbital momefft this discrepancy may be
trum contains two peaks of opposite signs—a negative peajelated to an underestimation of the orbital moment by
at lower energy and a positive peak at higher energy. As thespA-based computational methotiEable ). On the other
separation of the peaks is smaller than the typical lifetimenand, the LSDA-U(OP) approximation gives larger inten-
broadening, the peaks cancel each other to a large exterfity for the M, XMCD spectrum in comparison with the
thus leading to a rather small signal. Since the splitting ofexperimentally measured one. It reflects the overestimation
states withm;= = |mj| increases with the increase of the of the orbital moment at U site in the LSDAU (OP) calcu-
magnetization at the U site, the amplitude of e spec-  |ations(Table |). In the case of thé1; XMCD spectrum, the
trum should be proportional to the U magnetic moment. | SpA reproduces the amplitude of the positive peak and
A rather different situation occurs in the case of 1@ overestimates the amplitude of the negative peak. The
x-ray-absorption spectrum. Usually in uranium compoundgy SpA+U(OP) approximation, in contrast, gives good
the U atom is in 8% (U™®) or 5f% (U**) configurations and  agreement in the amplitude of the negative peak but overes-
has partly occupied 5, states. In the first case thef$p  timates that of the positive peak.
states withm;=—5/2, —3/2, and—1/2 are usually occu- To investigate the influence of the initial state on the re-
pied. The dipole allowed transitions far=+1 are —1/2  sulting U XMCD spectra we calculated also the XAS and
—+1/2, +1/2—+3/2, and+ 3/2— +5/2 and those foi XMCD spectra of UFg compound at th&l, s andO,4 s edges
=—1 are+3/2— +1/2. The transitions with the same final (not shown. We found a substantial decrease of the XMCD
statesm; = +1/2 mostly cancel each other and the XMCD in terms ofR=A u/(2°) at N, 5 edges in comparison with
spectrum of U at thé/, edge can be roughly represented bythe M, 5 ones. The theoretically calculated dichrig line
the sum—(N33+NzZ2). The corresponding analysis for the consists of a simple nearly symmetric negative peak that has
5f2 (U*%) configuration with occupieds;, s, andfs,_3,  no distinct structure as was observed atthgeXMCD spec-
states shows that the dipole allowed transitionsNer+1  trum. The LSDA calculations give much smaller dichroic
are —3/2——1/2, —1/2—+1/2, +1/2—+3/2, and+3/2  signal at theN, edge in comparison with the LSDA
—+5/2 and forn=—-1: +1/2——1/2 and +3/2— + 1/2. +U(OP) calculations. The dichroic line at thés edge is
Again, the XMCD spectrum of U at th&1, edge can be reminiscent of the correspondings spectrum and has an
approximated by—(N§f§+ Ngg) This explains why the di- asymmetrics shape with two peaks—a stronger negative peak
chroic M, line in uranium compounds consists of a singleand much weaker positive peak. In contrast to the dichroism
nearly symmetric negative peak. at theM 4 s edges where XMCD at thkl, edge is more than
We should note, however, that the explanation of thewo times larger than at thil 5 one, the dichroism at thid,
XMCD line shape in terms ofn;-projected DOS presented edge has almost the same intensity as atNbedge.
above should be considered as only qualitative. First, there is Due to MO selection rules th®, XMCD spectrum re-
no full compensation between transitions with equal finalsembles thévl, spectrum, whereas th@s spectrum is simi-
states due to difference in the angular matrix elements; sedar to theMs one. Because of the relatively small spin-orbit
ond, in our consideration we neglect cross terms in the transplitting of the 5 states of U (11 eV), theO, and Og
sition matrix elements; third, there is no puré35or 52  spectra almost overlap each other. The magnetic dichroism at
configurations in uranium compounds. It is always difficult quasicoreD, s edges is of one order of magnitude larger than
to estimate an appropriate atomi¢ bccupation number in - the dichroism at théN, s edges and become almost as large
band-structure calculations. Such a determination is usuallgs that at theM , s edge. Besides, the lifetime broadening of
obtained by the integration of thef ®lectron charge density the coreO, s levels is much smaller than the broadening of
inside of the corresponding atomic sphere. In the particulathe M, 5 ones’® Therefore the spectroscopy of U atoms in
UFe, case, the occupation number of U States is around the ultrasoft x-ray energy range at tfg s edges may be a
2.9 in the LSDA calculations. We, however, should keep invery useful tool for investigation of thef5electronic states
mind that some amount of thef States are derived from the in magnetic U materials.
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FIG. 5. XMCD spectra of UFgat the uraniumM,3, No3,  mation. The XMCD spectrum at th€ edge has been multiplied by
0,3, andNg ; edges calculated in the LSDA approximation. All the g factor 16.

XMCD spectra are multiplied by a factor 10(The M, and N, _
spectra are shifted by 800 eV and— 150 eV, respectively, to in- Shape oiXz (X=M,N, or O) XMCD spectra consists of two

clude them in the figude peaks of opposite sign—a negative peak at lower energy and
a positive peak at higher energy. The shapeXof (X
The XAS spectra at thél,s, Ny5, andO,45 edges in-  =M,N, or O) XMCD spectra also have two peaks of an

volve electronic transitions betweerlz, s, (N=3,4, and $  opposite sign, but the negative peaks situated at higher en-
and 55, 7, states and therefore are used to study of the 5 ergy and the positive peak at lower enef§yg. 5.
empty electronic states in uranium compounds. To investi- Figure 5 also presents the theoretically calculated XMCD
gate the @ states of U one should tune the energy of the xspectra at Ng ; edges. Because of the electric dipole selec-
ray close to theM, 3, N, 3, O3, Or Ng 7 edges of uranium. tion rules the major contribution to the absorption at the
The first three doublets are due to thp;, 3,—6d3, 5, (N edge stems from the transition$4— 6ds,, and that at the
=3,4, and % interband transitions. Ng edge originates primarily from f4,— 6d5, transitions
Figure 5 presents the theoretically calculated XMCD(the contribution from 45,— 6ds, transitions are strongly
spectra of UM, 3, N, 3, andO, ;3 edges. The XMCD signals suppressed by the angular matrix elemgnthe XMCD sig-
at these edges are two orders of magnitude less than thals at these edges are even smaller than the corresponding
corresponding signals at thM, 5 edges. signals at theX, 3 (X=M,N, or O) edges. Because of the
Because of the dipole selection rules, apart from theelatively small spin-orbit splitting of the f4states of U, the
ns,-stateswhich have a small contribution to the XAS due Ng andN- spectra have an appreciable overlap. Besides, in
to relatively smalinp— 7s matrix elements only @, states  the case ofNg ; XAS one would expect a strong electrostatic
occur as final states for thd,, N,, andO, XAS for unpo- interaction between the createdl dore hole and the valence
larized radiation, whereas for thid;, N3, andO; XAS the  states. It can lead to an additional multiplet structure in the
6ds, states also contribute. Although th@;,,— 6d3, radial ~ XAS and XMCD spectra at th&g; edges. We have not
matrix elements are only slightly smaller than for thps;,  considered multiplet structure in our XMCD calculations.
— 6dsg), transitions the angular matrix elements strongly sup-This structure can be captured using full atomic multiplet
press thenps,— 6dg, contribution (see Eq. & Therefore, structure calculations.
neglecting the energy dependence of the radial matrix ele- We also calculated the x-ray magnetic circular dichroism
ments, theM,, N,, andO, absorption spectra can be viewed at the FeK, L,3, and M, 3 edges, with the results being
as a direct mapping of the DOS curve fai£, and theM;, presented in Fig. 6. For comparison we also show the
N5, andO5 XAS reflect the DOS curve ford;,, states. The XMCD spectra in bce Fe. Although the XMCD signal at the
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FeK edge has almost the same amplitude both in bcc Fe anestimates the absolute value of both the spin and orbital mag-
UFe,, their shapes are quite differe(fig. 6). Because di- netic moments at the U site in Ufe

pole allowed transitions dominate the absorption spectrum The agreement between the experimental Kerr spectra and
for unpolarized radiation, the absorption coefficiexﬁ(E) the ab initio LSDA calculated ones is rather good. The
(not shown reflects primarily the DOS of unoccupied prominent peak in the Kerr rotation at around 0.6 eV results
4p-like statesN,(E) of Fe above the Fermi level. Due to the from the interplay of a deep resonance structure in the de-
energy dependent radial matrix element for tise-4p there  nominator and interband transitions contributing dg,, .

is no strict one-to-one correspondence betwg(E) and  Away from the peak, for energies above 1.0 eV, the Kerr
Ny(E). The exchange splitting of the initialslcore state is rotation and ellipticity spectra are fully determined by the
extremely smalf therefore only the exchange and spin—orbitshape ofr,yy . The LSDA+U(OP) approximation produces
splitting of the final 4 states is responsible for the observed, |arger Kerr rotation spectrum in the whole energy interval
dichroism at theK edge. For this reason the dichroism is j, comparison with the LSDA calculations and the experi-

found to %e veryasémal(Figlyl. 6. It Wfli(s firs(tj pog‘tedg%;: by ment. It might be connected with the overestimation of the U
Gotsis and Strangeas well as Brooks and JohansSothat g i) magnetic moment in the LSDAU (OP) calculations.

Xr':/tIiCIDf Tr-r?gzcgr/lijné reffl;lcts trl{e torb'f‘?l ?Volar;z?;tcr)]n ;n i(::cfeir' These findings illustrate that not everything about the elec-
ental 1o z o thep states. 1 gives & SIMPE 4 onic structure of UFgis explained.

and straightforward interpretation of the Fe XMCD spectrum The experimentally measured dichraity line consists of

at theK edge® imol | tri ti k that h distinct
In contrast to theK edge, the dichroism at He, andL 5 a simple neary symmetric negative peax tat has no distine

edges is also influenced by the spin-orbit coupling of theSt'ucture. The dichroic line at thd; edge has an asymmet-
initial 2p core states. This gives rise to a very pronouncedc S Shape with two peaks—a stronger negative peak and a
dichroism in comparison with the dichroism at tHeedge. weaker positive peak. _The overall shapes of the calculated
Figure 6 shows the theoretically calculated IEg; XMCD ~ @nd experimental uraniuri, s XMCD spectra correspond
spectra in UFgand bcc Fe. The dichroism at the edge has well with each other. The major discrepancy between the

a negative sign and at the, edge a positive one. The calculated and experimental XMCD spectra is in the ampli-
XMCD dichroic signals at the Fé, 5 and M, 5 edges are tude of theM, XMCD peak. The LSDA underestimates the

three times smaller in URethan the corresponding XMCD integral intensity of the XMCD aW , edge. As the integrated

in bee Fe due to strongly reduced magnetic moment at the F&MCD signal is proportional to the orbital moment this dis-
site in UFe in comparison with pure Fe. Besides, the Shapecrepancy may be related to the underestimation of the orbital
of the spectra is more asymmetrical in UFe moment by LSDA-based computational methods. On the

The magnetic dichroism at the P, edges is much _other _hand, the LSDA U(OP) appr(_)ximation _gives _Iarger
smaller than at thé., 5 edges(Fig. 6). Besides theM, and intensity for theM , XMCD spectrum in comparison with the
the M, spectra are sfrongly overlapped and kg spectrum experimentally measured one. It reflects the overestimation
contributes to some extent to the structure of the tbtak of _the orbital moment at U site in the LSDIU(OP) calcu-
spectrum in the region of th&1, edge. To decompose a lations. In the case of thils XMCD spectrum, the LSDA :
corresponding experiment& , 5 spectrum into itsM, and produces a correct value of the positive peak and overesti-
M3 parts will therefore be quite difficult in general. It is mates the value of the negative peak. The LSHAOP)

worth mentioning that the shape of Eg and M3 XMCD aplpro>;|mettr|]on, In tqontrast,l( glvss goodt_agr;aen"nt(ra]nt n _tthe
spectra are very similar, value for the negative peak and overestimates the positive

peak.

The line shape of the dichroic spectra can be qualitatively
understood considering the MO selection rules as well as the
occupation and the energy sequence ofrtheprojected par-

We have studied by means of ah initio fully relativistic ~ tial densities of states. Thef 5, states are almost completely
spin-polarized Dirac linear muffin-tin orbital method the empty in all the uranium compounds and the XMCD spec-
electronic structure, magneto-optical properties, and th&um of U at theMs edge can be roughly approximated by
x-ray magnetic circular dichroism in Uke the following sum of partial densities of f5, states:

Polarized neutrons and elastic scattefilg as well as (N"2,+ N2 ) — (N72+NZ9). As a result, the shape of the
x-ray magnetic circular dichroism measureméhteveal Ms XMCD spectrum stems from two peaks of opposite
that the orbital and spin magnetic moments on the U site areigns—a negative peak at lower energy and a positive peak
almost equal and oppositely directed, hence the U net maat higher energy. As the separation of the peaks is smaller
ment, which is the sum of the orbital and spin contributionsthan the typical lifetime broadening, the peaks cancel each
is close to zero in URe The LSDA calculations do not pro- other to a large extent, thus leading to a rather small signal.
vide such a compensation. On the other hand, a generaliza- A rather different situation occurs in the case of tg
tion of the LSDA+U method (with U4=0, the LSDA  x-ray-absorption spectrum. Uranium compounds have par-
+ U(OP) approximationleads to almost complete cancella- tially occupied 55, states and the XMCD spectrum of U at
tion of the spin and orbital magnetic moments at the U sitethe M, edge can be approximated by(N33+N2?%). This
in good agreement with neutron and XMCD experimentalexplains why the dichroidvl, line in uranium compounds
data. However the LSDA U (OP) theory still strongly over- consists of a single nearly symmetric negative peak.

IV. SUMMARY
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The XMCD signals at M, 3, N, 3, O, 3, andNg ;edges  states as well as the SO coupling of the\aalence states are
are two orders of magnitude weaker than the correspondingf minor importance.
signals at theM 4 5 edges.
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