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X-ray magnetic circular dichroism at the U M, 5 absorption edges of UFg
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We present an x-ray magnetic circular dichroism study performed at thg, Hedges on UFg a ferro-
magnet with almost itinerantfselectrons. The analysis of the branching ratio of thills edges confirms the
fact that the occupation number of thd States in UFeg is lower than in other compounds where the
electrons are more localized. Magnetic circular dichroism effects are observed consistently with the presence of
an orbital § magnetic moment which aligns parallel to the total magnetic moment. In agreement with a
polarized neutron study, we find a nearly perfect cancellation of thé Bpth and orbital magnetic moments,
which results in a vanishing small total U-5magnetic moment. Results are discussed in comparison with
atomic multiplet calculationd.S0163-1827)06505-3

INTRODUCTION preciable compared to thieband width. Nevertheless, these
orbital moments remain smaller than in the atomic case.
In these last years actinides and actinide compounds hav&nce, as a consequence of Hund’s third rule, in light ac-
been the subject of increasing interest due to their very diftinides the § spin and orbital magnetic moments are of op-
ferent magnetic behaviors, such as Pauli paramagnetism, Iposite sign, we might expect the possibility of a nétpin
calized and itinerant magnetism, and heavy fermiohal- and orbital moment almost cancelling each other out to give
thoughf electrons are usually treated as localized, there ara very small total 5 magnetic moment. This is actually the
some compounds for which tHestates are strongly coupled case of UFg, for which polarized neutron-scattering
to the conduction band giving rise to unusual properties. Cexperiment$*® have measured a total UtSmagnetic mo-
and Ce compounds such as CegFRee typical examples of ment <0.0lug, with w,~—ug~0.23ug, in good agree-
this class of materials. This is also the case of actinides anchent with theoretical predictions.
actinide compounds. In fact, the most important parameter In this paper we report an x-ray magnetic circular dichro-
responsible for the large variety of magnetic properties ofism (XMCD) study at the UM, 5 absorption edges of the
these materials seems to be the delocalization of thef U-5itinerant ferromagnet URe XMCD is defined as the differ-
wave functions, intermediate to the case of rare-eaftard  encec™—o~, 0% (o) being the absorption spectrum col-
transition metals 8 electrons. In intermetallic compounds an lected with left(right) circular polarized light. It can be dem-
essential role in determining the magnetic behavior is als@nstrated that, in the electric dipole approximation, reversing
likely to be played by hybridization of thef5Sorbitals with ~ the polarization is equivalent to reversing the magnetization
ligand states. of the samplé&.
Even in itinerantf states materials, the spin-orbit coupling XMCD experiments have been widely performed on the
can induce important orbital momefis its strength is ap- K and L, 3 edges of 8 transition metalgearly experiments
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are described in Refs. 9 and 10 respectiyety onL,3; by a superconducting electromagnet. The XANES spectra
(Refs. 11 and 1RandM, 5 (Ref. 13 edges of rare earths. On were recorded at 20 K in the fluorescence detection mode
the contrary, théVl 4 s edges of actinides have received muchusing a Si photodiode associated with a digital lock in ex-
less attention. Collins and co-workers have recently meaploiting the modulation of the x-ray beaff.
sured the XMCD signal in ferromagnetic uranium monosul- In order to extract the absorption signals and to correct for
fide over the UM, s edges:* The observed dichroic signal is self-absorption effects, the fluorescence spectra were com-
larger at correspondence with tihé, absorption edge and pared(see below to the data obtained in the sample drain
shows the same sign both at thl, and at theMs. current total electron yield mode on beamline SU22 at the
The site and orbital selectivity, typical of absorption spec-French Synchrotron Radiation FacilittURE) in Orsay. A
troscopy, together with the existence of sum rtig€that  double S{220) crystal monochromator was used to select the
allows to calculate the ground state, orbital projecteg) ~ wavelength of the radiation emitted by the asymmetric
value from the XMCD experimental spectra, make XMCD awiggler inserted in the soft x-ray ring Super-ACOData
powerful instrument to study the magnetic properties ofwere recorded af =50 K after scraping the sampie situ at
solid-state materials. Even the expectation valueSocan a base pressure 0fx110~® mbar. The pressure during data
be evaluated, if a reasonable approximation of the dipolagcquisition was typically ¥ 102 mbar.
moment(T,) can be givert® Actually, the validity of these
sum rules is still an open problem especially for itinerant
final states. However, some of us have prdvVeithat the
(L,) value of the localized # states of cerium in CeCusSi Total electron yield(TEY) and fluorescence yiel(FY)
obtained by the sum rules is in good agreement with the ongre indirect methods for measuring absorption cross sections.
expected from magnetization experiments. Moreover, bandhe first technique detects the number of secondary electrons
structure calculatiort8 and experiments have shown that, excited by the decay@nostly Augej of the core hole created
in the bulk, the sum rules at the, ; edges give the good by the absorption of x rays. The electron yield signal is pro-
value of (L,) to within 5-10% for the itinerant magnetic portional to the absorption cross section of the materi
systems Fe, Co, and Ni. On the contrary, the sum rule givingong as the light is absorbed on a length scale significantly
(S,) seems affected by larger errdfs,” up to 50% for the longer than the escape depth of the secondary electfdns.
Ni(001) surface?® the second case the intensity of the light emitted in radiative
We observe magnetic circular dichroism effects indecays of the core hole is detected. For this reason, FY is
UFe,, consistently with the presence of orbitall Bhagnetic  essentially bulk sensitive and this is the reason why it has
moments which align parallel to the total magnetic momentbeen preferred to TEY in the present experiment. However,
Our findings confirm the delocalized nature of thiedsbitals  in concentrated and thick samples, the fluorescence emission
and the compensation betweeh &in and orbital magnetic can be strongly reabsorbed resulting in a distortion of the FY
moments, which results in a vanishing small total Urbag- spectraz.7 Moreover, even in diluted or thin samples, FY
netic moment. does not measure pure x-ray absorption if atomic multiplet
effects are important because, in this case, the fluorescence
EXPERIMENTAL decay can s_hoyv a strong dependence on the final 2§‘tz‘;}te.
However, it is important to stress that a recent theoretical
The polycrystalline UFe compound was prepared by arc- investigation finds that the sum rules givikg,) and(L,)
melting stoichiometric amounts of the constituefits 3N remain, under nonrestrictive assumptions, still valid when
and Fe & pure in an Ar atmosphere. X-ray diffraction applied to FY spectr&
analysis shows a single phase corresponding to the fcc Laves In Fig. 1 the FY spectra are shown as measured. In order
phase witha,=7.058 A. Moreover, ac susceptibility mea- to obtain the dichroism spectrum from the fluorescence data,
surements confirm the ferromagnetic state 16160 K,  one must correct the FY signals to eliminate self-absorption
with a total magnetic momeri¥l =1.16ug/formula unit at  effects. This can be done in a straightforward way by com-
T=20 K andB=2T. parison with the TEY spectrum. A procedure similar to the
The XMCD experiments at the M, 5 edges were carried one used in Ref. 14 is applied. We assume that\theand
out at the ESRF beamline ID/12A which is dedicated to po-M;5 fluorescence emission spectra each exhibit a single line
larization dependent x-ray absorption studitdhe source whose intensity is considered as a free parameter that is ad-
was the helical indulator HELIOS-II which emits x-ray ra- justed in order to reproduce the TEY spectrtfm.
diation with a high-polarization ratéabove 90% and flex- In Fig. 2 we present the corrected FY and the difference
ible polarization(circular left-circular right. The first har-  spectrum together with the TEY spectrum. The difference is
monic of the undulator spectrum was selected to cover theormalized to 100% circular polarization rate. In qualitative
energy range from 3.5 to 3.8 keV. The fixed-exit double-agreement with UM, 5 XMCD performed on u$' and on
crystal monochromator was equipped with a pair dfL$1) UShy sTeg 5, the dichroic signal is negative at both the
crystals cooled down te-140 °C. The polarization rate of M, and theM s edge(we use opposite sign conventions with
the monochromatic beam was estimated to be about 35% agspect to Ref. 14 in order to stick to common x-ray-
3.552 keV M5 edge and about 45% at 3.728 keW(,  absorption spectroscopy conventinnsAnother common
edge. XMCD signals were obtained by the difference of characteristic is that the dichroic signal presents a well-
x-ray-absorption near-edge structup¢ANES) spectra re- resolved atomic multiplet structure at correspondence with
corded consecutively either reversing the helicity of the in-the Mg edge, while at theM, edge it consists in a broad
cident beam or flipping the magnetic field @ T) generated asymmetric feature. However, the magnitude of the XMCD

RESULTS
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Upper panel: &~ +o)/2; lower panelo” —o. FIG. 2. Upper panel: UM, total electron yield(TEY) and

corrected fluorescence yiel&#Y) absorption edges of polycrystal-
spectrum obtained for UReis about 15 times smaller than line UFe,. Lower panel: XMCD spectrum. The XMCD signal has
the one observed for US or U§kleys. This finding been normalized to 100% rate of circular light polarization. In the
is consistent with the expected reduction of the orbitalNSet are shown atomic puce multiplet calculation of the M

magnetic moment in UFedue to the larger delocalization XMCD spectra convoluted with a Lorentzian functif\WHM =2
of the 5f electrons with respect to the case of US OreV) to take into account the core hole lifetime broadening: compari-
USh. Ten . 5 son between 56d°7s° and 526d°7s° initial states.

0.5 €0.5-

According to the sum rules of Refs. 15 and 1B3') is _ _ _ L
proportional to the integral of the XMCD intensity across perlmzezlﬁ and theoretical calculations find in the case of
both M, and M edges. Within our sign conventions, the ¥" €2~
negative value of the XMCD signal observed for YHen-
plies that the orbital magnetic moment localized on the U DISCUSSION
5f electrons alignparallel to the applied magnetic field, i.e.,
to thetotal magnetic moment, which is essentially due to the PureJ multiplet calculations give isotropic edges without
spin of the iron &l electrons. This behavior is in good agree- any resolved multiplet splitting for any value of the occupa-
ment with theoretical predictioAsind is due to the fact that tion number of the 5 shell*? A general trend consists in the
in UFe, the hybridization between Fed3and U-5f minority ~ fact that the branching rati@R) increases with the number
spin bands is stronger than between fea®id U-5 major-  ng; of electrons occupying theshell. The branching ratio is
ity spin bands. In fact, this leads to antiparallel alignment ofdefined as BRI (Mg)/[I(M,4) +1(Ms)], wherel(M,) and
the Fe-3l and U-5 spins, in a similar way to what is found 1(Ms) are the integrated intensities of tiv, and Mg iso-
in rare-earth intermetallic compoundfsHund’s third rule tropic edges. In intermediate coupling its value is-BR67
then imposes antiparallel coupling betweeh pin and or-  for 5f2 (corresponding to an ¢ ion) and BR=0.71 for
bital moments, thus leading to the observed parallel align5f2 (corresponding to ©&").32 Experimentally, a good ap-
ment between the U{Sorbital and Fe-8 spin moments. proximation of the isotropic spectrum is given by the mean
Note that this mechanism is independent on the magnitude ¢+ + o~)/2 of the spectra collected with opposite circular
L, andS,. Since the integral of the XMCD intensity over polarization of the light. The experimental BR is then ob-
both edges is proportional to the orbital moment, j&=E0 a  tained measuring the areas of thg, and Mg white lines
nonvanishing dichroic signal should be observed even if thafter subtraction of an arctangent function. Its value is
total 5f magnetic moment is zero, as neutron-diffraction ex-0.70+=0.01 for UShkysTeys (Ref. 30 while it is only
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0.65+0.01 for UFe,. These findings confirm that the occu- By applying the sum rules of Refs. 15 and 16 to the self-

pation number of the Belectrons in UShsTeq 5 is close to  absorption corrected XMCD signal of Fig. 2 and supposing

ns;=3.2 On the contrary, the isotropic line shape of Yke  that (T,)=0, we find a ratio (L,)/(S,) equal to

better described by a configuration in whigkk=2. Thisis  —1.95(=5%), which is in excellent agreement with

coherent with the expected reduction of the &ccupation  neutron-diffraction results and theoretical predictiéfs’ In

number due to the strong hybridization of thé &lectrons order to determine the absolute valuesbf) and(S,), the

with the valence band which occurs in Ufe 5f occupation number must be entered in the expression of
As for the isotropic absorption edges, no fine structure irthe sum rules. Takings;=2 we obtain(L,)=—0.22; and

the dichroism signal at correspondence with Mg edge is  (S,)=0.1%:. On the other hand, supposing;=3 we obtain

predicted by the ionic calculations. On the contrary, the theoéL,)=—0.20h and (S,)=0.10:. Thus, we can conclude

reticalMs XMCD is characterized by a structured line shapewith some confidence thafL,)=—0.21+0.015% and

which is very sensitive to the occupation number of tHe 5 (S,)=0.10+0.0%:. The uncertainties on the number of elec-

shell in the ground stat®.In the inset of Fig. 2 we show a trons in the 5 shell give less than 10% error bars, which are

comparison between the atomic multiplet calculations of thecomparable to the intrinsic precision of the sum rdfé@nce

Ms XMCD for an U ion in the 536d°7s® and in the again the values we find are in a very good agreement with

5f26d°7s® ground-state configuration. The spectra havethe ones of the literature®~’

been convoluted with a Lorentzian functigfull width at

half maximum(FWHM) =2 eV] to account for the core hole

lifetime broadening. Apparently, the atomic multiplet calcu- CONCLUSIONS

lations fail to reproduce the details of the line shape of the

Mg dichroic signal. This is a proof of the fact that thé 5

wave functions in UFe are not correctly described by an

atomic approximation with only pure configurations. TheThe analysis of the branching ratio of the M, s edges

reason should be ascribed to the delocalization of the 5 , ;
S : -~ confirms the fact that the occupation number of tliestates
electrons in this system. In order to give a better approxima-

tion of the XMCD line shape in UFg more detailed calcu- in UFe is lower thaf? in other compounds where thelec-
trons are more localized.

lations are needed, taking into account configuration interac- We have found small negative dichroism sianals at corre-
tions as well as crystal field effects. Another approach would 9 9

be the monoelectronic calculation developed by Braostikal. qundgnce W'.th both t.he M, and UM edgeg. This obger—
where hybridization is naturally introduced in the vation is consistent with the presence of orbitélriagnetic

367 moments aligned in the direction of the total magnetic mo-
formalism: g ;
ment. The application of the sum rules gives a nearly total

For uranium iong(T,) represents a significant contribu- cancellation of the spin and orbital magnetic moments lead-
tion to the “effective” 5f spin{S) = ((S,) + 3(T)), which ing to a vanishing U-5 total magnetic moment, in good

is the quantity directly determined by applying the spin sum . . L . :
rule 16 ?n factyin inter)r/nediate coupligngﬁ(ySZ)g: 1 16pand agreement with experimental findings and theoretical predic-
. 1 Z .

(T )(S,)=0.62 for anf? and anf® ground-state configura- tions. This result is obtained if the expectation value of the

tion respectively’> However, the delocalization of the elec- dipolar operatofT; is assumed equal to zero.
trons which takes place in itinerant ferromagnetism can
strongly reducgT,) with respect to its atomic value. Band
structure calculatiort§ and experiments have shown that,

in the bulk, the itinerant magnetic systems Fe, Co, and Ni are We warmly acknowledge G. Schmerber for the prepara-
characterized byT3%/(S3%)<0.01. tion and the characterization of the UFsample.

In conclusion we have performed magnetic circular x-ray
dichroism experiments at the M, s edges on UFg where
hybridization effects of the U-b electrons are important.
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