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X-ray magnetic circular dichroism studies of 5f magnetism in UCoAl and UPtAl
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Experimental and theoretical x-ray magnetic circular dichroism~XMCD! studies of the intermetallic com-
pounds UCoAl and UPtAl at the uraniumM4 andM5 edges are reported. UPtAl is a 5f -electron ferromagnet,
whereas UCoAl exhibits, at low temperatures and in a magnetic field of 0.65 T, a metamagnetic transition from
paramagnetic to ferromagnetic ordering of U moments. Applying the XMCD sum rules to the experimental
spectra, expectation values of the orbital and spin magnetic moments of the uranium 5f electrons were
calculated. The results show that the orbital-to-spin moment ratio is of comparable value,mL /mS'22, for
both compounds; however, the moments in UCoAl are strongly reduced with respect to UPtAl. Furthermore,
the mL /mS ratio for UCoAl appears to be conserved both in the ferromagnetic and paramagnetic states,
although themS value in the former case is at least five times larger. The theoretical counterparts of the
experimental data were obtained from the electronic structure calculated using the FLAPW method within the
local spin density approximation. The calculated x-ray absorption and XMCD spectra show a satisfactory
agreement with the experimental data and reproduce well the shape and structure of the spectral lines at theM4

andM5 edges.
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I. INTRODUCTION

A wide variety of magnetic properties of uranium com
pounds that reflects various characters of U 5f electrons,
ranging from the nearly localized to itinerant, is attracti
considerable attention of current condensed matter rese
The delocalization of 5f electrons is a consequence of~i!
overlaps of the 5f wave functions centered on neighboring
atoms, and~ii ! the 5f -ligand hybridization involving ura-
nium 5f states ands,p, and d valence states of ligand
atoms.1 The two mechanisms play a dual role in magnetis
They cause a delocalization of 5f electrons and a conseque
washout of U magnetic moments; however, on the ot
hand, they mediate strong exchange interactions betwee
moments. The magnetic behavior of a particular material
result of the interplay of these two effects that is clos
connected with interatomic distances, U-atom coordinat
and the nature of ligands. The itinerant character of elec
states usually implies a strong reduction of the orbital m
netic moment with respect to the free-atom expectat
value. Nevertheless, in contrast to 3d electrons in transition
metals, sizable orbital magnetic moments are observed
intermetallic compounds with apparently strongly deloc
ized 5f electrons, e.g., in UNi2.2,3 It is the very strong spin-
0163-1829/2002/66~14!/144405~10!/$20.00 66 1444
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orbit coupling present in actinides that also induces an orb
moment in the case of itinerant 5f -electron states. Analyzing
spin and orbital magnetic moments in various actinide co
pounds, Landeret al.suggested that the ratio of the orbital
the spin moments provides information on the strength
5 f -ligand hybridization, and consequently the delocalizat
of involved 5f electrons.4 The individual values of orbital
and spin components, however, bear essential informat
and therefore relevant experiments and first-principles e
tronic structure calculations become an important issue
5 f -electron compounds.

The x-ray magnetic circular dichroism~XMCD! tech-
nique developed in recent years evolved into a powe
magnetometry tool to separate orbital and spin contributi
to magnetic moments. It is an element specific meth
which explores magnetism of electrons in a specific shel
a particular atom. The quantitative nature of XMCD tec
niques is based on a sum rule analysis of spin-orbit s
spectra of core levels, e.g.,M4 andM5 edges of uranium.5,6

In this paper we concentrate on two ternary uranium
termetallic compounds, an itinerant 5f -electron metamagne
UCoAl and a ferromagnet UPtAl. Both compounds cryst
lize in the hexagonal ZrNiAl-type structure, and exhibit
huge magnetocrystalline anisotropy as well as a numbe
©2002 The American Physical Society05-1
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UTX counterparts (T is a transition metal,X is a p-electron
metal!. This structure has a layered character and consis
alternate U-T~1! and T~2!-X basal plane layers.7 Uranium
atoms occupy one equivalent position, and the transi
metal atoms possess two crystallographically nonequiva
positions in the two layers with an occupancy ratioT~1!:T~2!
5 1:2. The interatomic distances between uranium ions
UCoAl and UPtAl compounds are 0.349 and 0.360 nm
specitvely, which is in the range of Hill limit.7

UCoAl is very interesting system that shows no magne
ordering down to the lowest temperatures, but in a relativ
low magnetic field applied along thec axis a metamagnetic
transition to a ferromagnetic state is observed at low te
peratures. The metamagnetic transition in UCoAl is attr
uted to the band metamagnetism observed, e.g. in YCo2.9 In
contrast to the almost isotropic metamagnetic behavior
YCo2, in UCoAl, we observe a huge uniaxial anisotrop
The metamagnetism is induced only when the magnetic fi
is applied along thec axis, whereas in fields in a perpendic
lar direction UCoAl behaves like a Pauli paramagnet and
metamagnetic transition is observed in magnetic fields u
42 T.10 The strong uniaxial magnetic anisotropy is preserv
in both compounds UPtAl and UCoAl, at least up to roo
temperature. It is of interest to characterize a rather low
dered magnetic moment of UCoAl which amoun
0.30mB /f.u. ~at 4.2 K! above the metamagnetic transitio
The moment steadily increases with magnetic field, show
no saturation tendency up to 35 T where it reaches the v
of 0.6mB /f.u.10,11

The UPtAl compound is an appropriate reference sys
for a more localized compound of the same structure
with composition and bonding similar to that of UCoAl.
orders ferromagnetically belowTC543 K with a saturated
magnetization of 1.38mB per formula unit at 2 K in fields
applied along thec axis.8 The strong uniaxial anisotropy i
manifested by the fact that the magnetization measured a
the a axis is much smaller and has no spontaneous com
nent~in fact, it resembles a magnetic response of a param
net exhibiting 0.28mB /f.u. at 40 T!.

The fundamental issue of the experiment reported h
concerns the mechanism of the metamagnetic transitio
UCoAl, and the field-induced development of its orbital a
spin moments. In connection with this it is also important
investigate the role of orbital magnetism, since it has
cently been realized that delocalized band states may so
times carry an appreciable orbital moment. For this purp
we have studied XMCD at the uraniumM4 and M5 edges.
This technique makes it possible to extract values of
orbital and effective spin component of the magnetic m
ment on uranium atoms; this along with the electronic str
ture calculations presented in this paper, will contribute
our understanding of this interesting system.

II. EXPERIMENTAL DETAILS

The XMCD measurements were carried out at the ES
in Grenoble on the beamline ID12A that is dedicated to
polarization-dependent x-ray absorption fine struct
studies.12 A helical electromagnetic undulator Helios-II, pro
14440
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vided a high flux of photons of tunable helicity with hig
degree of circular polarization close to 1. Due to the refl
tions on focusing optics and on a monochromator, the po
ization degree of the incident beam was reduced toP
'0.45 at theM4 edge andP'0.35 at theM5 edge. The
required photon energy was selected by a cooled Si cry
~111! double monochromator, which has a typical spect
resolution of 0.5 eV in the spectral range 3.5–3.8 keV. T
studied bulk samples are not transparent for x rays so tha
x-ray absorption spectra were recorded by monitoring
total fluorescence yield~FY!.

The XMCD signal was obtained from the FY spectra
M4 andM5 edges by consecutively reversing both the he
ity of the beam and the polarity of the magnetic field.
order to eliminate the effects connected with circular dich
ism of a nonmagnetic origin and different polarization d
grees for right- and left-hand polarized beams, each spect
was measured four times—at either polarity of the magn
field the spectra for right and left helicities were scann
Appropriate processing of these four spectra made it poss
to reduce these contributions to a minimum. The tempo
changes of the FY signal~originating, e.g., from small tem
poral fluctuations of the beam polarization, beam positi
and the stability of electromagnetic undulator! were elimi-
nated by accumulation of sufficient data. In this way it w
possible to achieve relative signal accuracy of 1024.

In order to extract the absorption and dichroism from t
fluorescence spectra several corrections of the experime
data had to be done. The self-absorption~i.e. the absorption
of the secondary photons in the sample! is the most impor-
tant effect that leads to a ‘‘saturation’’ of the optical signa
resulting in distortion of the fluorescence spectral lines es
cially in the vicinity of the absorption edge. The sel
absorption can be taken into account in a straightforw
way by comparing the fluorescence signal with isotro
spectra measured in the electron yield detection. For th
reasons we also measured the total electron yield~TEY!
spectra of UCoAl sample over theM4 and M5 edges by
sample current measurements. Such corrections for sa
tion effects are relatively simple and straightforward, a
provide reliable results. Provided that the fluorescence is
rected for the self-absorption, it can be considered with c
fidence as a measure of the uranium absorption.13,14Compar-
ing various uranium compounds, all the TEY spectra sho
similar shape with a comparable white line peak to ed
jump ratios.13,15The corrections of UPtAl spectra were mad
in a similar way as those for UCoAl. The resultant XMC
spectra were subsequently corrected for the polarization
gree of the incident beam. It is worth noting that the nume
cal values of the magnetic moments calculated using the
rules only little depend~of the order of65%) on performed
corrections of the FY signal, and the ratiomL /mS especially
is almost uninfluenced by these corrections.

High quality single crystals of UCoAl and UPtAl wer
studied in this experiment. The magnetic and structure pr
erties of samples cut from the same single crystals were
ported elsewhere.8,10,16 The experiment was carried out fo
temperatures and magnetic fields where these two c
pounds exhibit magnetic ordering. In particular, temperat
5-2
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X-RAY MAGNETIC CIRCULAR DICHROISM STUDIES . . . PHYSICAL REVIEW B 66, 144405 ~2002!
was fixed atT510 K for both samples. UCoAl was mea
sured in magnetic fields in the range from 0.7 up to 7
whereas a field of 2 T was applied in case of UPtAl to sa
rate the sample. The measurements were made in the F
day configuration where both incident beam and magn
field were parallel~oriented along thec axis! and normal to
the sample surface.

III. RESULTS AND DISCUSSION

The x-ray absorption measurements were perform
through the uraniumM4 and M5 edges. These edges corr
spond to electronic transitions from the uranium cored
states to the 5f band states. The total fluorescence and to
electron yield spectra are displayed in Fig. 1. The s
absorption effects resulting in decreased intensities of
fluorescence peaks are clearly observed in Fig. 1. The
rected x-ray absorption and corresponding dichroism spe
of UCoAl are presented in Fig. 2. Since the differences
absorption for particular beam helicities and/or oppos
magnetic fields are very small in this sample, the cur

FIG. 1. Total fluorescence yield spectra of UPtAl~a! and UCoAl
~b! and isotropic total electron yield~TEY! spectra of UCoAl~c! at
the uraniumM4 andM5 absorption edges. The fluorescence spec
were measured at 10 K, and the TEY spectrum of UCoAl w
measured at a room temperature.
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almost coincide and cannot be distinguished in the plot. T
spectra taken in 3 and 7 T correspond to the ferromagn
state. At 0.7 T the paramagnetic state predominates and
romagnetic ordering starts to develop above this field. T
absorption and XMCD spectra of the ferromagnetic UP
measured under the magnetic saturation are shown in Fi
The XMCD signal of UPtAl is much higher compared to th
of UCoAl, and the absorption lines for opposite helicities a
clearly observed at theM4 edge. The dichroicM4 line con-
sists of a single nearly symmetric negative peak. Such a p
is characteristic at theM4 edge of all uranium systems. Th
spectral shape at theM5 edge is more complex. In both
UPtAl and UCoAl ~above the metamagnetic transition! the
dichroic line at theM5 edge has an asymmetrics shape with
two peaks—a stronger negative peak and a weaker pos
peak. The different shape of the dichroicM5 line measured
at a low field of 0.7 T, where the positive peak is not dev
oped, may be questioned due to the small signal-to-no
ratio of measurements in the paramagnetic region of UCo
In subsequent sections we compare our findings resul
from applying the sum rules to the spectra wi
the data obtained from neutron scattering and first-princip
calculations.

a
s

FIG. 2. X-ray absorption~a! and XMCD ~b! spectra of UCoAl
single crystal at the uraniumM4 and M5 edges as a function o
magnetic field. The measurements were made atT510 K, and the
beam direction and magnetization were oriented along thec axis.
The spectra were deduced from the fluorescence signal~Fig. 1!
corrected for self-absorption. The displayed XMCD curves cor
spond to the difference in absorption coefficients,Da5a12a2,
corrected for the degree of circular polarization of the incide
beam, see text for details.
5-3
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A. XMCD, orbital, and spin moments

The properties of 5f electrons are conveniently probed
x-ray absorption experiments by excitation of 3d core elec-
trons to unfilled 5f states. The absorption spectra are ch
acterized by strong resonances nearM4 (d3/2) andM5 (d5/2)
edges, so called white lines. The use of circularly polarize
rays opens the door for x-ray based spectroscopy studie
magnetic materials and structures.17,18 The right- ~RCP! and
left-hand circularly polarized~LCP! photons preferably gen
erate spin-up and spin-down photoelectrons, respectiv
and the difference in the transition intensities reflects
difference in the spin-up and spin-down holes of thef shell.
In this process the RCP and LCP photons transfer their
gular momentum to the excited photoelectron which carr
the transferred momentum as a spin or orbital moment
both. Sinced5/2 andd3/2 levels have opposite spin-orbit cou
plings the spin polarization is opposite at these two edg
The spin-split valence shell acts as a detector for the spi
an excited photoelectron. Similarly, if thef valence shell pos-
sesses an orbital moment it acts as an orbital momen
detector for excited photoelectron.

The difference in absorption coefficients for RCP a
LCP photons, i.e., photons with opposite helicities, results
nonzero XMCD. The XMCD has several capabilities that a
not afforded by traditional magnetic analysis techniques.

FIG. 3. UraniumM4 and M5 absorption spectra for opposit
field polarity ~a! and XMCD spectra~b! of a UPtAl single crystal
measured along thec axis at T510 K. The measurements wer
made underB052 T corresponding to the magnetic saturation. T
spectra were corrected for self-absorption and polarization degr
a similar way as those for UCoAl~Fig. 2!.
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foremost strength is the element-specific quantitative de
mination of spin and orbital magnetic moments and th
anisotropies.

The cored levels of uranium atoms are spin orbit sp
into well-defined sublevels. The absorption signals of cor
sponding electron transitions atM4 and M5 edges are pro-
portional to the number of holes in the final uranium 5f 5/2
and 5f 7/2 states, respectively. That is, the signal at theM4
edge originates from the electric dipole transitions 3d3/2
→5 f 5/2 and that at theM5 edge originates primarily from
3d5/2→5 f 7/2 transitions, with a weaker contribution from
3d5/2→5 f 5/2 transitions. Since the 5f 7/2 band is only slightly
populated and mostf electrons fill the 5f 5/2 band, only the
latter band exhibits significant magnetic moment.

The quantitative nature of the XMCD technique is bas
on a sum rule analysis of experimental XMCD and abso
tion spectra. These rules derived by Carra and co-worker5,6

correlate the ground state orbital and effective spin mom
operatorŝ Lz& and ^Se&, respectively, to the integrated d
chroism signal over pairs of spin-orbit-split core-level ex
tations. The sum rules for XMCD spectra at the uraniu
M4,5 edges, involving 3d→5 f transitions, read5,19

^Lz&5

3nhE
M51M4

Da~E!dE

E
M51M4

~a1~E!1a2~E!1a iso~E!!dE

, ~1!

^Se&5
3nh

4

2E
M5

Da~E!dE23E
M4

Da~E!dE

E
M51M4

~a1~E!1a2~E!1a iso~E!!dE

,

~2!

wherea6 are the absorption coefficients for opposite be
helicities related to theM4,5 edges;Da5a12a2 corre-
sponds to the dichroism;a iso is the isotropic absorption
which can be presumed here to bea iso5(a11a2)/2 with
good accuracy;nh5(142nf) is the number of holes in the
5 f shell andnf the number of 5f electrons;E5\v is the
photon energy. The effective spin operator^Se&, is related to
the spin moment operator^Sz& and for 5f electrons we have5

^Se&5^Sz&13^Tz&, ~3!

where ^Tz& is the magnetic dipole operator that correlat
spin moments with their positions andz is the quantization
axis ~parallel to the crystallographicc axis!. In spite of the
limited applicability of the sum rules to solids, since the
were derived based on a strict atomic approach, the res
obtained for number of 3d and 5f compounds appeared to b
in surprisingly good agreement with other methods.

Numerical integration of the XMCD and absorption spe
tral curves~Figs. 2 and 3!, over theM4,5 edges, using Eqs
~1! and ~2!, allow one to extract ground state expectati
values of the orbital and effective spin moments of a prob
uranium 5f shell. In these calculations the absorption curv
were corrected for the background absorption by a step

in
5-4
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TABLE I. Uranium 5f magnetic moments of UCoAl and UPtAl deduced from the XMCD spectra.
values of UCoAl for different fieldsB0 are shown, UPtAl data correspond to the magnetic saturation.
orbital mL and spinmS moments were calculated for two possible electron configurations using theor
values of the dipolar term̂Tz&; see the text for details. Moments are expressed inmB .

mL 2mS 2mL /mS

B0 @T# 5 f 2 5 f 3 ^Lz&/2^Se& 5 f 2 5 f 3 5 f 2 5 f 3

UCoAl 0.7 0.090 0.082 20.76 0.026 0.040 3.45 2.05
0.9 0.22 0.20 20.64 0.075 0.115 2.90 1.75
1 0.24 0.22 20.61 0.09 0.13 2.70 1.65
3 0.45 0.41 20.71 0.14 0.22 3.15 1.90
7 0.54 0.49 20.71 0.17 0.25 3.16 1.95

UPtAl 2 2.49 2.28 20.71 0.79 1.19 3.15 1.92
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function. Since the sum rules involve only the integrat
intensity of the spectra, the results are independent on
detailed shape of spectral lines. Combining Eqs.~1! and ~2!
we see that the integrated XMCD signal over either theM4
or M5 line is proportional, respectively, tôLz&22^Se& or
^Lz&14^Se&/3. Due to opposite signs of^Lz& and ^Se& op-
erators in light actinides, much stronger dichroism is e
pected at theM4 edge than at theM5 edge. This is in agree
ment with microscopic considerations taking into acco
different populations of thef 5/2 and f 7/2 subbands discusse
in the next sections.

According to Eqs.~1! and ~2! the calculated values o
^Lz& and ^Se& are dependent on the uranium atom valen
which is, however, unknown due to the strong 5f -ligand hy-
bridization. The performed first-principles calculations of t
electronic structure provide the 5f occupancy numbernf
'2.46 for UCoAl, i.e., a value close to an average betwe
the 5f 2(U41) and 5f 3(U31) configurations.20 The occu-
pancy number does not change much in the ternary UTAl
compounds. Nevertheless, the choice ofnh in Eqs. ~1! and
~2! is not critical, and the inaccuracy introduced in the va
of the orbital momentmL is not greater than64% as long as
nh@nf .

On the other hand, the spin magnetic momentmS is re-
trieved with a higher relative error. The main difficulty i
evaluatingmS arises from the determination of the dipol
operator̂ Tz&. In itinerant magnetic systems the dipolar ter
is usually very small, and for 3d metals it proved to be
negligible.21,22However, in 5f -electron compounds the dipo
lar term^Tz& forms a substantial contribution comparable
the spin term̂ Sz&, and it cannot be neglected. There is
straightforward way to determine its value with a sufficie
accuracy. Nevertheless,^Tz& can be estimated either from
theoretical considerations or combined XMCD and neut
diffraction experiments. Based on intermediate spin-o
coupling scheme, van der Laan and Thole23 found, for free
ions, ratios of the magnetic dipole to the spin moment
RT5^Tz&/^Sz&51.15 and 0.57 for respective 5f 2 and 5f 3

configurations.
Therefore, two approaches are employed and compare

this work. First, the moments are evaluated using Eqs.~1!–
~3! for both configurations,nf52 and 3, where the spin mo
ment mS is calculated using theoretical values ofRT . Sec-
14440
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ond, the spin moment is computed by combining t
XMCD-deduced value of the orbital moment@Eq. ~1!#, and
the total uranium magnetic moment obtained from diffra
tion of polarized neutrons.

B. UCoAl

The results of numerical integration of the spectra
listed in Table I. In these calculations theoretical values
RT for 5f 2 and 5f 3 configurations were adopted. The orbit
and spin moments reported in the table are respectively
fined asmL52^Lz&mB and mS522^Sz&mB , wheremB is
the Bohr magneton. Notice that the ratio^Lz&/^Se& does not
depend on the number of 5f electrons, and its value is de
termined exclusively by the dichroic spectra. We see fr
the Table I that this ratio changes much below and above
metamagnetic transition of UCoAl, and is almost the same
in UPtAl. While the orbital momentsmL are obtained with
reasonable accuracy for both tested configurations, the ca
lated spin momentsmS strongly depend on the chosen valu
of nh . In addition, the orbital-to-spin-moment ratiomL /mS is
rather high, especially for the 5f 2 configuration. These re
sults indicate that the 5f 2 configuration is rather unrealistic
and the values ofmS presented in Table I should be inte
preted with caution.

The spin moments calculated by the second appro
~combining the XMCD values ofmL and the total uranium
magnetic momentmU obtained from neutron diffraction
data! are summarized in Table II. Since experimental neut

TABLE II. Parameters of UCoAl and UPtAl calculated by com
bining the XMCD data and the total uranium momentmU estimated
from neutron diffraction and magnetization studies. Displayed
bital momentsmL correspond to the intermediate 5f occupancy,
nf52.5. Experimental values ofRT were obtained fromRT

5(^Se&2^Sz&)/3^Sz&. The numbers in parentheses are experim
tal errors representing limiting values fornf52 and 3. Moments are
expressed inmB .

B0 @T# mL 2mS 2mL /mS RT mU

UCoAl 7 0.52~2! 0.17~2! 3.06~30! 1.10~13! 0.35
UPtAl 2 2.39~10! 1.14~10! 2.10~10! 0.65~5! 1.25
5-5
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M. KUČERA et al. PHYSICAL REVIEW B 66, 144405 ~2002!
data are not available exactly for the magnetic fields a
temperatures used in our experiment, the total uranium m
netic momentmU of UCoAl was estimated from measure
ments performed at 2 and 5 K.11,16 Extrapolation of the neu-
tron data leads tomU50.3560.02mB /U for an external
magnetic field of 7 T and a temperature of 10 K. Obvious
the spin moment calculated in this way~see Table II!, is
rather small. This consequently leads to an unrealistic
high mL /mS ratio. Likewise the computed ratioRT is far
from theoretical values. Although our values ofmS and mL

are in good agreement with neutron data reported by Wulet
al.,11 the latest polarized neutron studies performed by J
orskyet al.,16 on a sample cut from the same single crystal
we have used for XMCD, provided fairly higher values
0.78mB for the orbital and20.38mB for the spin moment~at
T52 K andB058 T).

These facts suggest that the orbital, and consequently
the spin moments, deduced using the sum rules are und
timated~even though taking into account the higher tempe
ture of XMCD measurements of UCoAl compared to ne
tron diffraction experiments!. There are two reasons for suc
observations. First, the underestimation ofmL is suspected to
be an inherent property of the XMCD sum rules. Compa
to neutron data the XMCD-derived orbital moments in
number of uranium samples are generally smaller.24 Another
problem, particularly important in metamagnetic syste
like UCoAl, applies to the quality of sample surface prob
by x rays. Unfortunately, most of intermetallic samples ca
not be cleaved, and thus the sample surface has to be
chanically polished. Such a process may result in a degr
tion of the sample surface layer to a certain extent, and t
some reduction of the total magnetic moment in the surf
layer is suspected. Nonetheless, in our UCoAl sample
have observed a well-resolved metamagnetic transition in
x-ray fluorescence signal~Fig. 4! and thus the surface deg
radation is not crucial.

FIG. 4. Magnetic field dependence of the total fluoresce
yield measured at the maximum of theM4 edge atT510 K. The
solid line is a guide for the eye.
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Let us now turn to the spin and orbital components
UCoAl obtained at different magnetic fields. As mention
above, the magnetic moment does not saturate above
metamagnetic transition and steadily increases. Accordin
Eq. ~1! the orbital moment is proportional to the sum of are
below theM4 andM5 spectral lines in the XMCD spectrum
We see in Fig. 2 that the intensities of both lines increa
with increasing magnetic field. As a consequence both orb
and spin components increase, and they develop in a sim
way with the field; see Table I for numerical values. T
ratio mL /mS is roughly independent of the external field, an
it adopts comparable values in all the field ranges both
paramagnetic and ferromagnetic states of UCoAl.

In conclusion of this section, the results confirmed th
magnetism in UCoAl is undoubtedly dominated by the o
bital component, which is larger and antiparallel to the s
moment. In addition, bothmL andmS are strongly reduced in
UCoAl with respect to the corresponding free ion value
However, the ratio of orbital-to-spin moment,mL /mS , esti-
mated from our data is rather high and is close to –2 for
presumed 5f 3 configuration. We remind that the free io
values of this ratio within the intermediate coupling sche
are –3.42 and –2.57, respectively, for 5f 2 and 5f 3 configu-
rations. In spite of the higher relative error coming mos
from the uncertainty in the uranium valency, the ratiomL /mS
remains fairly high, and the orbital moment compared to
spin moment is sizable.

C. UPtAl

The ferromagnetic UPtAl exhibits a large dichroic sign
and the components for opposite helicities or opposite m
netic fields are well resolved in the spectra, as can be see
Fig. 3. The orbital and spin moments of UPtAl were calc
lated in a similar way as in case of UCoAl. Table I contai
moments obtained for both the 5f 2 and 5f 3 configurations
adopting theoretical values ofRT . The calculated uranium
orbital moment of UPtAl,mL'2.4mB , is much higher in
comparison to UCoAl. The spin moments aremS50.8mB
and 1.2mB , and the ratiosmL /mS523.1 and –1.9 for re-
spective 5f 2 and 5f 3 configurations. Again, the 5f 2 configu-
ration provides unrealistic values.

The spin moments obtained by combining the XMC
deduced orbital moment and the total uranium moment p
vided by the magnetization measurements are presente
Table II. To our knowledge no reliable polarized neutr
scattering data are available for this compound. Taking i
account that the Pt polarization is quite small~cf. Table III!,
the total uranium magnetic moment in UPtAl at 10 K w
estimatedmU'1.25mB /U ~the saturated moment at 4.2 K
msat51.38mB /U). As a result for the spin moment we re
ceive mS'1.14mB , and for the ratiomL/mS'22.1. These
values are in close correspondence with those estim
above for the 5f 3 configuration. The value of the dipole op
erator ratio calculated from these data,RT50.65, also favors
the 5f 3 electron configuration.

We can conclude that magnetism of UPtAl is dominat
by the orbital component, which is larger and antiparallel
the spin moment. BothmL and mS components are much

e

5-6
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higher than those in UCoAl. The rather high value of t
mL /mS ratio suggests a moderate reduction of the orb
moment compared to its free ion value.

D. First-principles calculations

The magnetic moments, x-ray absorption, and XMC
spectra at the uraniumM4,5 edges were obtained from th
electronic structure calculated using the local spin den
approximation~LSDA! to the density functional theory. In
particular, theWIEN97 implementation of the full-potentia
linearized augmented-plane-wave~FLAPW! method was
used.25 The basis set for expansion of the wave functio
consisted of approximately 1260 LAPW functions, includi
uranium 6s and 6p, cobalt 3p, and aluminum 2p local or-
bitals. The calculation was performed on a regular mesh c
sisting of 105k points in the irreducible wedge of the Bri
louin zone. Careful tests with respect tok points were made
and we have found that our values of magnetic mome
converged reliably. The spin-orbit coupling was included
the standard second variational-step method. The cutoff
ergy for the second variational step was approximately 50
above the Fermi energy.

The quasiparticle functions and energies were appr
mated with the Kohn-Sham eigenfunctions and eigenener
for the purpose of calculation of the XMCD and x-ray a
sorption spectra. The relaxation effects, resulting in a sm
ing of the spectra, were simulated by combined Lorentz
and Gaussian artificial broadenings adjusted by compar
to the experiment. The absolute value of theM5 absorption
threshold was adjusted by comparison to the experim
while theM5-M4 splitting was obtained by a solution of th
Dirac equation in the spherical part of the spin-averaged s
consistent crystal potential. This splitting is determin
mainly by the energy separation of 3d5/2 and 3d7/2 levels,
and does not depend on any adjustable parameter.

The self-consistent spin-polarized calculation converg
to ferromagnetic ground state, for both studied systems.
resulting spin and orbital moments are shown in Table
With respect to the experimental fact that UCoAl has a pa
magnetic ground state we note that we did not intend
study the actual ground state by total energy calculatio
This would have required a search for equilibrium latti
constantsa and c and positional parametersxU , zU , xAl ,
and zAl . We used experimental lattice parameters inste
and assumed that the calculated ferromagnetic state can

TABLE III. The spin mS and orbitalmL moments of the indi-
vidual atoms in UTAl compounds as calculated by the FLAPW
method.T(1) andT(2) represent the transition metals Co, Pt, or
situated in U-T(1) or Al-T(2) layers, respectively. Moments ar
expressed inmB .

UCoAl UPtAl URhAl
mL mS mL mS mL mS

U 1.19 21.01 2.06 21.63 1.59 21.22
T(1) 0.01 0.12 20.01 0.02 20.01 0.05
T(2) 0.03 0.17 20.02 0.03 0.01 0.07
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as an approximate description of UCoAl above the metam
netic transition. In Fig. 5 we show the calculated x-ray a
sorption and XMCD spectra together with experimental da
Larger amplitude of the calculated XMCD spectra of UCo
corresponds to larger theoretical moments as compared to
experimental ones. This result is somewhat unusual for u

FIG. 5. Isotropic absorption and XMCD spectra of UCoAl~a!
and UPtAl ~b! at the uraniumM4,5 edges calculated from the firs
principles~solid lines!. Experimental spectra~symbols! were mea-
sured at 10 K and at magnetic field 7 T for UCoAl and 2 T f
UPtAl, respectively. The spectra were scaled so that they exhibit
same intensity at theM5 peak.
5-7
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nium intermetallics. Typically the calculated spin mome
agrees well with experiment, whereas the orbital momen
underestimated by 30–40 %. The calculations thus indic
that the spontaneous moment of UCoAl in the experime
field of 7 T is far from saturation, and we can expect
further increase of the moment at higher fields.11 On the
other hand, the XMCD-deduced magnetic moments
those calculated for UPtAl exhibit a somewhat better agr
ment. We note that no corrections for the orbital polarizat
were made in the calculations, which would otherwise le
to an increase of the orbital moment. Orbital polarizati
could be treated using the local density approximat
(LDA) 1U scheme.26 However, such a scheme contains tw
adjustable parameters, namely, the HubbardU and exchange
J terms. In the present work we prefer the simple LSD
potential, which indeed does not describe the orbital po
ization quite accurately but is still a first-principles meth
without any adjustable parameter.

Despite the above discrepancy the overall shapes of
calculated and experimental XMCD spectra correspond w
to each other. Since the XMCD spectra of UPtAl and UCo
show a similarity with only quantitative differences, we di
cuss them together in what follows. The smaller magnitu
and different shape of theM5 line as compared to theM4
line results from the almost empty uranium 5f 7/2 states; see
Fig. 6. The main contribution to theM5 line comes from
transitions to spin-split states withj z567/2. Their contribu-
tions to the XMCD have opposite signs and cancel one
other to some extent and, as a result, ans-shaped spectra
line with both the negative and positive peaks is observ
TheM4 line comes from the transitions to 5f 5/2 states, which
lie at the Fermi level and are partially occupied. The canc
lation between contributions ofj z565/2 is suppressed b
unbalanced occupations of the corresponding final states
to the spin-polarization, which leads to a single peak sh
of the M4 line.

In conclusion of this section, first-principles calculatio
are shown to quite reasonably reproduce bothM4 and M5
edges in the experimental XMCD spectra. TheM5 edge ex-
hibits an asymmetric spectral band with both positive a
negative peaks, the shape of which is closely connecte
the electron population off 5/2 and f 7/2 subbands and to th
position of the Fermi level. The calculated density of sta
displayed in Fig. 6 shows, in agreement with calculations
the paramagnetic ground state,20,27,28that the Fermi level is
situated close to the bottom of thef band in both studied
compounds, and that states close above the Fermi en
have predominantly 5f character.

IV. CONCLUSIONS

In this paper the results of a study of x-ray magnetic c
cular dichroism of uranium intermetallic compounds UCo
and UPtAl have been presented. Both systems are of cu
interest in the field of strongly correlated magnetic and
isotropic systems. The unusual behavior of the UCoAl me
magnetic compound, that exhibits ferromagnetic order o
at external magnetic fields and low temperatures, has m
vated intensive research in recent years.
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FIG. 6. The partial densities of states of the 5f 5/2 and 5f 7/2

states and the total 5f densities for the minority and majority state
in UCoAl ~a! and UPtAl ~b!. The Fermi level is atE50 eV.
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Reported quantitative results inferred from the XMC
spectra are based on a sum rule analysis of the spin-
split spectra of core levels of uranium. The sum rules
abled us to estimate the spin and orbital components of
uranium ions. These components are antiparallel with
magnetic moment dominated by the orbital part. We not
that a reliable quantity that can be extracted from the s
rule analysis is the ratio between orbital and spin mome
and their relative orientation. The values of magnetic m
ments rather rely on theoretical inputs such as the numbe
holes in the 5f subshell and a value of the dipolar term.
particular, the spin moment is retrieved, with a higher re
tive error, as discussed in the text. Comparing the XMC
derived moments with the results of polarized neutron d
fraction and first-principles calculations, we obtained sma
moments from the XMCD sum rules particularly for UCoA
This indicates that the measured spontaneous magnetic
ment of UCoAl is far from saturation, and its further increa
should be expected at high fields. The XMCD results prov
that the increasing spontaneous moment of UCoAl above
metamagnetic transition arises due to the simultaneous
crease of both the orbital and spin uranium 5f moments,
leaving the orbital-to-spin magnetic moment ratiomL /mS
roughly unchanged. Furthermore, this ratio appears to
conserved both in ferromagnetic and paramagnetic state
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though themS value in the former case is at least five tim
larger. On the other hand, themL /mS ratio is of comparable
values in both studied compounds, close to22, though the
moments in UCoAl are strongly reduced with respect
those in UPtAl. Similar values of themL /mS ratio were also
found for other isostructural compounds: UNiGa, UNiA
and URhAl.29,30 Our results favor the 5f 3 electron configu-
ration in both studied compounds. The reduction of t
mL /mS ratio compared to the U31(5 f 3) free ion value of
–2.57, and the sizable decrease of orbital and spin mome
especially for UCoAl, indicate a significant delocalization
the 5f -electron states.

The first-principles calculations of the x-ray absorpti
and XMCD spectra reproduce the experimental data w
including the spectral shapes and structure of both theM4
andM5 lines. The shape of the spectral lines atM4,5 edges is
closely related to the occupancy off 5/2 and f 7/2 subbands and
to the position of the Fermi level with respect to the 5f
partial states.
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