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Resonant magnetic x-ray scattering in UPd2Si2 at the uranium L 2,3 edges
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The nature of the resonant magnetic x-ray-scattering processes at the uraniumL2 andL3 edges of UPd2Si2
has been studied. The different polarization dependences of the electric dipole and quadrupole transitions are
used to distinguish the two channels. The temperature variation, together with the angular dependence of the
magnetic reflections demonstrate the dipolar origin of the resonance at the uraniumL2 and L3 edges of
UPd2Si2. Resonant magnetic x-ray scattering at these edges thus explores the spin polarization of the valence
6d band and allows the study of the magnetism of electronicd orbitals separately fromf levels probed at the
M4 andM5 edges in dipole transitions. The energy profiles of the twoL edges are different. A single resonance
is observed at theL2 edge. The line shape at theL3 edge shows two distinct contributions, both of dipolar type,
which may be due to the influence of the core hole on the density of states of 6d levels. The energy of the
maximum of the resonant intensity in both profiles corresponds to the inflexion point in the respective absorp-
tion coefficient curve. An effort to put the scattering amplitudes on an absolute scale has been made in order
to compare with theoretical calculations.@S0163-1829~98!07037-4#
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I. INTRODUCTION

Intermetallic uranium compounds UT2Si2, whereT is a
transition metal, form a class of materials with remarka
magnetic and electronic properties ranging from hea
fermion and superconducting states to ferro- and antife
magnetism or even Pauli paramagnetism. In these c
pounds, the hybridization of the 5f uranium states with theT
d states and the relative position of these two narrow
tight-binding bands are critical:1 they determine the existenc
of spontaneous magnetization at the uranium andT sites. In
PRB 580163-1829/98/58~14!/9185~9!/$15.00
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that respect, the role of the uranium 6d states appears les
important, the 6d bands being much broader and havi
lower density of states at the Fermi level. However, the u
nium d electrons exhibit a weak magnetic polarization2

which is difficult to detect directly by neutron diffraction o
magnetization measurement. Resonant magnetic x-ray s
tering ~RMXS!, which is species and electronic shell sen
tive may be a more appropriate tool. This method offer
probe to investigate induced magnetic moments~on the T
sites for example! and to comparef andd polarization on a
given site. Indeed, RMXS has become a common and p
9185 © 1998 The American Physical Society
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9186 PRB 58D. WERMEILLE et al.
erful method to investigate electronic and magnetic prop
ties in solids.3–5 This technique takes advantage of the e
hancement of the elastic magnetic scattering cross sec
when the incident photon energy is tuned through an ap
priate absorption edge of the element under study. The m
netic scattering arises from electric multipole transitio
from core levels to unoccupied spin-polarized electro
states. The amplitude is related to the spin-polarization
spin-orbit splitting of the initial and intermediate states a
the multipole overlap integral~hereafter simply called the
overlap integral! of the intermediate levels with the initia
and final electronic orbitals. The effect is large at the u
nium M4 andM5 edges because dipole transitions from t
3d3/2 and 3d5/2 core levels probe the large spin polarizati
of the partially filled 5f states. Furthermore, there exis
large overlap integrals between 3d and 5f orbitals, the reso-
nant amplitude reaching 9r 0 at the uraniumM4 edge in
UAs,6 wherer 0'2.8231025 Å is the classical radius of the
electron. At the uraniumL edges, where the initial states a
the 2p1/2 and 2p3/2 for theL2 andL3 edges, respectively, th
scattering amplitude is weaker. At these edges, dipole t
sitions connect the 2p core levels to the valence 6d band.
The magnetic sensitivity arises from the spin-orbit splitti
of the initial state. Rough estimates give a scattering am
tude of a few 1022 r 0 .7,8 Quadrupole transitions would
probe more strongly the polarized 5f states but have weake
overlap integrals, which reduces the scattering amplitud
the same few 1022 r 0 .8

Since the predicted scattering amplitudes for both dip
and quadrupole transitions have similar magnitudes, only
perimental investigations of the resonance can establish
nature of the transitions. The purpose of this work is to o
serve the contributions from the 6d electronic orbitals of
uranium to RMXS. This can be achieved by demonstrat
the dipolar character of the transitions at theL2,3 edges.

The weak enhancement expected at the uraniumL edges
and experimental difficulties account for the absence of w
reported in the literature. Most of experiments on thed shell
polarization and theoretical developments have been pur
at the L edges of rare-earth compounds, where both x-
magnetic circular dichroism9 and resonant exchang
scattering10 experiments give promising results for the u
derstanding of the role of the 5d electrons in the magneti
properties of these compounds.

UPd2Si2 crystallizes in the body-centered-tetragon
ThCr2Si2 structure with space groupI4/mmm. It undergoes
successive magnetic phase transitions as a function
temperature.11 In a preliminary x-ray-scattering experiment12

on the sample used in this work, we have evidenced
following features while cooling. BelowTN5136 K, an in-
commensurate magnetic phase appears, whose wave v
q5@0 0qz(T)# is temperature dependent and parallel to
c* axis of the tetragonal structure. At all temperatures,
magnetic ordered moments lie along thec axis. In the inter-
val 125 K.T.105 K, this magnetic structure coexists wi
a second incommensurate phase with a wave vectoqz
50.711 r.l.u. and between 108 and 95 K, with a simple co
mensurate type-I antiferromagnetic phase. Below 95 K,
incommensurate phase, with a temperature-dependent w
vector, changes into a commensurateqz52/3 r.l.u. phase. Fi-
nally, below 85 K there remains only the type-I antiferr
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magnetic structure, with alternate ferromagnetically orde
uranium sheets in the sequence1212 along thec axis.
Neutron-diffraction experiments on single crystals11 reported
a saturated magnetic moment ofm52.3mB per uranium atom
in the low-temperature phase. Local spin-density-functio
calculations1 give a spin momentms'2mB and an opposite
orbital momentm l'24mB which makes a net magnetic mo
ment aroundm52mB per uranium atom, close to the exper
mental value. Exchange interaction with the 5f states splits
the 6d levels into spin-up and spin-down bands. This sp
ting results in a small induced 6d moment of about 0.2mB
per uranium atom.2,13

The paper is organized as follows. In Sec. II we descr
the method and the experimental conditions. Results at
uraniumL3 andL2 edges are presented in Sec. III. Then w
develop the analysis of the energy line shape and the be
ior as a function of scattering vector, polarization, and te
perature of the resonant magnetic peaks. Finally we conc
that the magnetism of the 6d electrons in UPd2Si2 can be
studied with x rays.

II. EXPERIMENTAL CONDITIONS

The high-purity single crystal used for this study was p
pared by the Czochralski technique14,15 and annealed for pe
riods up to two weeks in ultrahigh vacuum~UHV!. The
sample was cut along a@0 0 1# face and annealed under UH
for one week at 950 °C. To improve the surface quality a
to remove oxidized layers, the sample was polished and
nealed again for one week in UHV at 950 °C. Sample ch
acterization indicates a high crystalline quality. The mos
spread is 0.040~2!° at 17 keV and the lattice parameters
the body-centered-tetragonal structure area5b54.083 Å
andc510.048 Å atT520 K.

The experiments were performed at the magnetic sca
ing beamline ID20 of the European Synchrotron Radiat
Facility ~ESRF, Grenoble, France!.16 The x-rays are provided
by a 48 mm period linear, hybrid, undulator. The energy
selected using a double Si~111! crystal monochromator with
sagittal focusing. The higher-order harmonic contaminat
of the beam is reduced by the use of two 1 m long rhodium
coated mirrors with variable longitudinal focusing. Th
sample was mounted with thea* andc* axes in the vertical
scattering plane in a4He closed-cycle refrigerator which a
lows measurements down to 12 K. The scattering geom
is illustrated in Fig. 1. At 17 keV, using the seventh ha
monic of the undulator, the incident flux at the sample po
tion is '1.531012 photons/s at 100 mA with a beam size
0.3530.25 mm2. The x rays were measured to be linear
polarized at 9961% in the plane of the storage ring, he
referred to as thes polarization plane. At 20 keV with the
eighth harmonic of the undulator, the flux is'1
31012 photons/s at 100 mA with a beam size of 0
30.5 mm2. The degree of linear polarization was 9861%.
Contamination by the orthogonalp polarization was ne-
glected at the two edges. The incident and diffracted bea
were monitored by NaI~T1! scintillators.

The difficulty of experiments involving weak signa
above a large background has led us to perform a polar
tion analysis of the scattered beam. Magnetic x-ray scatte
processes, both resonant and nonresonant may rotate th
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cident photon polarization, whereas the Thomson cha
scattering does not change the polarization state of the
dent beam. To perform polarization analysis,17 a polarimeter
was mounted on the detector arm. The device consists
detector and suitable analyzer crystal with Bragg angleua
close to 45° at the nominal energy. With the analyzer diffr
tion plane coincident with that of the sample, thes-polarized
scattered x rays are measured. The analyzer crystal an
detector may be rotated together by 90° about the diffrac
beam to detect thep-polarized scattered intensity. In add
tion to the separation of the two scattered polarization sta
the analyzer crystal filters out fluorescence photons wh
have energy several hundreds of eV below the absorp
edge. A LiF crystal makes a suitable analyzer for both
uraniumL2 andL3 edges. The~0 0 8! LiF reflection gives an
angleua545.87(1)° at E517.17 keV with a reflectivity of
about 1%. The~0 0 10! reflection corresponds to an ang
ua547.34(1)° at E520.945 keV.

The origin of the observed background is twofold. Fir
there is an energy-dependent contribution coming from
fluorescence of the uranium atoms. Since the energy of
photons emitted in the fluorescence process is about 750
below the edge, this contribution to the background is c
siderably reduced by the energy bandpass of the anal
crystal. The second contribution to the background com
from a ridge of elastic scattering along thec* direction. This
effect is illustrated in Fig. 2 where the normalized intens
of a scan along theh direction at the position of the magnet
~0 2̄ 15! reflection is plotted as measured in thes→s chan-
nel atT5140 K in the paramagnetic phase. The solid line
a Lorentzian square function with a full width at half max
mum of about 0.002 r.l.u. centered at the Bragg positionk
scans also show a similar peak. However, the scattered
tensity collected in an orthogonal scan along thel direction is
constant over a similar range~inset of Fig. 2!. This is char-
acteristic of ridges of charge scattering. The same meas
ments performed in the rotateds→p channel did not revea
any measurable contribution along eitherh and l directions.
Similar ridges have been observed ins→s for all specular
~0 0 l! and off-specular~0 k l! or ~h 0 l! magnetic reflections
studied in this experiment. They may be related to reflec
ity problems or coherent scattering effects due to the pa
coherence of the synchrotron x-ray beam.18

In view of these effects and to take proper account of
magnetic contribution to the scattered signal, the magn
integrated intensities discussed below have been extra

FIG. 1. Scattering geometry and directions in the recipro
space.k i andk f are the incident and scattered wave vectors;e and
e8 denote the polarization vectors of the incident and scatte
beams.
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from l scans. Special care was taken to go far enough fr
the reflection for a correct determination of the backgrou
The tabulated value for the uraniumL3 edge was used to
calibrate the photon energy.

III. EXPERIMENTAL RESULTS

Figure 3 showsl scans across the magnetic~0 0 13! re-
flection in the s→p channel for the paramagnetic (T
5120 K, closed circles! and the type-I antiferromagneti
(T580 K, open circles! phases performed at the uraniumL3
resonance,E517.165 keV. The magnetic signal represen
about 30 counts/s atT580 K over a background of 0.3
count/s. Integrated intensity has been transformed into i
grated reflectivity19 I /I 0 by applying suitable corrections t
the l scans.20 In the case of an ideally imperfect extende
crystal probed by a linearly polarized x-ray beam perp
dicular to the scattering plane, the integrated reflectivity
given by19

l

d

FIG. 2. h scan across the magnetic~0 2̄ 15! reflection atT
5140 K in the paramagnetic phase measured in the unrotates
→s polarization channel. The solid line is a Lorentzian fit with
full width at half maximum of about 0.002 r.l.u. The inset shows t
orthogonall scan.

FIG. 3. l scan across the magnetic~0 0 13! reciprocal Bragg
point at T580 K ~s! and T5120 K ~d! in the s→p channel at
E517.153 keV, near the uraniumL3 resonance energy.
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I

I 0
5

l3r 0
2

m* sin~a!va
2

uFu2

sin~2u!
, ~1!

wherel is the photon wavelength,F is the structure factor
m* 5m@1/sin(a)11/sin(b)# with m the absorption coeffi-
cient, a and b are the angles of the incident and scatte
beams with the sample surface, andva is the unit-cell vol-
ume. The determination of the absorption coefficientm near
an absorption edge is a delicate problem when direct tra
mission measurement through a powder or a thin film of
studied material cannot be performed. It is possible, us
simple assumptions about the fluorescence process to co
a fluorescence scan into the related absorption coefficien
a function of photon energy.21–23 This determination is ap
propriate since the absorption corrections are not large
high incident photon energy~the penetration depth in
UPd2Si2 is about 30mm at the uraniumL2,3 edges!. The
observed intensities were corrected for the analyzer e
ciency. The same data treatment was applied to all meas
reflections.

A. Uranium L 3 edge

The reflectivity, integrated overl, of the magnetic~0 0 13!
Bragg peak in the rotateds→p channel is plotted in Fig. 4
as a function of the incoming photon energy around theL3
edge. In the upper part, we show the absorption coefficien
deduced from fluorescence. The energy profile show
strong resonance centered atE517.166 keV, corresponding
to the inflexion point in the absorption curve, followed by
weaker contribution, several eV above, at the maximum
the absorption coefficient. A similar energy dependence
been observed at the magnetic~1 0 14! reflection.

FIG. 4. Integrated reflectivity along thel direction of the mag-
netic ~0 0 13! reflection atT580 K in the rotateds→p channel as
a function of the incident photon energy around theL3 edge. The
solid line is a sum of two resonances centered at different ener
The upper part shows the absorption coefficientm as determined
from fluorescence. The dashed line corresponds to the analysi
scribed in the text.
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At resonance, the integrated reflectivity is (11.461)
310213, which can be translated into a scattering amplitu
of (360.5)31022 r 0 per chemical unit cell. No magneti
scattering was observed when the photon energy diffe
from the resonant energy by more than 100 eV.

The temperature variation of the scattered signal in b
unrotateds→s and rotateds→p polarization channels wa
investigated at resonance for several magnetic Bragg pe
The integrated scattered signal~including background! is
shown in Fig. 5 for the~0 2̄ 15! reciprocal-lattice point for
both channels. In thes→p channel, the scattered intensi
vanishes atT'108 K, which corresponds to the Ne´el tem-
perature of the~0 0 1! commensurate phase. Indeed, thes
→p amplitude follows the temperature variation of the 5f
ordered moment~solid line in Fig. 5! as deduced from
RMXS at the uraniumM4 edge.12 In the s→s channel, the
observed intensity is due to the ridge; there is no trace of
magnetic contribution since no change in intensity is o
served atT5108 K.

Five off-specular reflections@~0 1̄ 12!, ~0 2̄ 13!, ~0 2̄ 15!,
~0 3̄ 16!, and~0 4̄ 17!# have been measured atT580 K in the
antiferromagnetic ordered phase and 150 K in the param
netic state, for both polarizations. We have performed th
measurements at two different energies, one correspon
to the maximum of the resonant process (E517.166 keV),
the other being the maximum of the absorption curve, wh
the second contribution to the resonance profile is obser
At T580 K, a magnetic signal has been detected for the
reflections in thes→p channel, but nothing measured abo
background in thes→s channel for any reflection at bot
energies.

We have also measured several specular (0 0l ) Bragg
peaks~with l 55, 7, 9, 11, 13! in the s→p channel at the
same energies. The corresponding magnetic integrated
flectivities are shown as a function of the correspond
Bragg angle, in Fig. 6~a! for E517.165 keV and in Fig. 6~b!
for E517.177 keV. The monotonic increase in the magne
structure factor, which is clearly observed will be discuss
below.

s.

de-

FIG. 5. Temperature dependence of the~0 2̄ 15! in s→s ~d!
ands→p ~s! at E517.168 keV, the resonance energy. The so
line is the temperature variation of the 5f ordered moment as de
duced from RMXS at the uraniumM 4 edge~Ref. 12!.
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B. Uranium L 2 edge

Similar measurements were performed at the uraniumL2
edge. Ridges ins→s along the@0 0 l # direction were also
observed.l scans across the~0 0 13! reflection in thes
→p channel atE520.945 keV, near the uraniumL2 edge
are shown in Fig. 7 in the antiferromagnetic phaseT
580 K) and the incommensurate phase (T5120 K). The
magnetic signal was weaker compared with theL3 edge and
amounted to 7 counts/s. The energy-dependent integrate
flectivity is shown in Fig. 8 as measured in thes→p polar-
ization channel; the absorption coefficient as deduced f
fluorescence is represented in the upper part of the fig
The resonance profile is different from the one observed
the L3 edge. There is a single, well-defined contributio

FIG. 6. Integrated reflectivity of the magnetic specular refl
tions (0 0l ) with l 55, 7, 9, 11, 13 as a function of the Bragg ang
at E517.165 keV at the maximum of the resonant signal~a! and at
E517.177 keV at the maximum of the absorption curve~b!. The
solid lines show the expected angular dependence of the scatt
amplitude for dipole transitions.

FIG. 7. l scan across the magnetic~0 0 13! reciprocal space
position atT580 K ~s! andT5120 K ~d! in thes→p channel at
E520.945 keV, near the uraniumL2 resonance energy.
re-

m
e.
at
,

centered at the inflexion point of the absorption curve. T
integrated reflectivity at 20.946 keV corresponds to a sc
tering amplitude of (1.560.5)31022 r 0 . No magnetic scat-
tering was detected when the incident energy was tu
more than 100 eV away from theL2 edge.

The integrated intensity of the~0 0 13! and~0 2̄ 15! mag-
netic peaks were measured for several temperatures ar
the ~0 0 1! Néel point. A dependence similar to the on
observed at theL3 edge was evidenced. Again no magne
contribution was detected atT580 K in the s→s channel
for either reflection. The specular (0 0l ) reflections~with l
55, 7, 9, 11, 13! were also measured at the resonance
ergy. Figure 9 shows their magnetic integrated reflectivit
as a function of Bragg angle.

-

ing

FIG. 8. Integrated intensity along thel direction of the magnetic
~0 0 13! reflection atT580 K in thes→p channel as a function o
the incident photon energy around theL2 edge. The solid line cor-
responds to a splitting of 1 eV~see text!. In the upper part the
absorption coefficientm is plotted as determined from fluorescenc
The dashed line is obtained along the same assumptions as fo
L3 edge.

FIG. 9. Integrated reflectivity of the magnetic specular refle
tions (0 0l ) with l 55, 7, 9, 11, 13 as a function of the Bragg ang
at the uraniumL2 edge. The solid line shows the expected angu
dependence of the scattering amplitude for dipole transitions.
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IV. DISCUSSION

We analyze the energy and theQ line shapes, and the
polarization dependence of the scattered intensities in o
to determine the nature~dipole versus quadrupole! of the
resonance. The total magnetic x-ray scattering cross sec
contains a nonresonant part24 and a resonant contribution.7,25

As a test for internal consistency, we discuss the nonreso
scattering observed at 7.8 keV. The integrated reflectivity
the ~0 0 9! magnetic Bragg reflection was 4310215, which
represents a scattering amplitude of 1.331023 r 0 .12 The
nonresonant magnetic scattering amplitude was calcul
using expression derived by Blume and Gibbs.26 With the
reported spin moment of 2mB per uranium atom in UPd2Si2
~Ref. 1! and the tabulated form factor for uranium,27 the
calculated scattering amplitude amounts to 1.3431023 r 0 ,
in good agreement with the observation. The nonreson
scattering amplitudes for the~0 0 13! at E517 and 21 keV
are calculated in a similar manner and reach 4.831024 and
3.231024 r 0 , respectively. These amplitudes are mu
lower than the resonant amplitudes observed at theL2 andL3
edges. First, this result explains why we do not observe
nonresonant signal near theL2,3 edges. Second, it allows u
to neglect the nonresonant amplitude in our analysis of
energy line shape.

A. Resonant line shape

Neglecting the nonresonant magnetic scattering am
tude, the structure factorF in Eq. ~1! contains the usual Th
omson and the resonant amplitude. For the resonant sca
ing two main processes should be considered: electric di
and quadrupole transitions. First, let us consider electric
pole contributions that have been treated by Hannonet al.7 in
the case of atomicd states with no orbital moment. Th
magnetic contribution at theL3 edge can be approximated b

f j ,E1
L3 5

F0
L3

xL3
2 i

@ i ~e83e!•zj P/4#, ~2!

wherexL3
5(EL3

2\v)/(G/2). The amplitude is given by

F0
L35

8

45

mc2

GL3

~ka0!2u^2p3/2ur /a0u6d&u2r 0 , ~3!

wherea0 is the Bohr radius and̂2p3/2ur /a0u6d& is an aver-
age matrix element for the 6d spin-up and spin-down orbit
als. G is the total width for the excited state, as determin
from the fluorescence curve. The magnetic moment of
j th atom is parallel tozj . e and e8 are the incident and
scattered photon polarization vectors. The polarization fa
P is given by the asymmetry between spin-up and spin-do
orbitals of the 6d bands. It contains the net 6d magnetic
polarization,nd↑2nd↓, the asymmetryd in the radial matrix
elements for the 6d spin-up and spin-down states, and
exchange splitting,D. We have neglected any orbital mo
ment in the 6d shell in presence of the core hole. In the lim
whereD/G is small,P can be written as:8

P5~nd↑2nd↓!2nhd2
nhD/G

~EL3
2\v!/~G/2!2 i

, ~4!
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wherenh is the number of holes of both spins in the 6d band.
Some other terms could be considered, such as modificat
of the density of states of thed levels in the presence of th
core hole.

At the L2 edge, the resonant amplitude has a similar for

f j ,E1
L2 5

F0
L2

xL2
2 i

@2 i ~e83e!•zj P/2#, ~5!

with

F0
L25

4

45

mc2

GL2

~ka0!2u^2p1/2ur /a0u6d&u2r 0 . ~6!

In this model, the ratioR of the magnetic resonant ampl
tude at theL3 andL2 edges is given by the widthsGL3

, GL2
,

the energy of the two edges and the radial matrix eleme
through the relation:

R52
u^2p3/2ur /a0u6d&u2

u^2p1/2ur /a0u6d&u2

GL2

GL3

S EL3

EL2

D 2

. ~7!

Values for matrix elements can be found in Ref. 8, whi
allows us to estimate the scattering amplitudes and the r
R. At the L3 edge, we obtainF0

L350.70r0 with G59 eV as
estimated from the fluorescence. At theL2 edge we have
F0

L250.25r0 with G514 eV. This leads to a ratioR
521.4. The order of magnitude for the dipole resonant a
plitudes can be estimated from Eq.~4!. To make an approxi-
mate calculation, the parameterd is estimated by scaling the
value for gadolinium8 by the ratio of the spin in uranium to
that in gadolinium. This approximation is valid for the ra
earths where the 4f orbitals are localized. This is probabl
not true for uranium for which the 5f states are more delo
calized. However, the calculation is qualitative and allow
comparison with experiments. We haved50.12(3/2)/(7/2)
'0.05 and takingnh59 andnd↑2nd↓50.2, the estimated
dipole resonant amplitude forD50 is 831022 r 0 at theL3
edge and 631022 r 0 at the L2 edge, in rough agreemen
with experiment.

Quadrupole transitions should also be taken into acco
The formal expression for the quadrupolar scattering am
tude can be written and is found to contain 13 distinct term
Hill and McMorrow28 have expressed the dipole and qua
rupole contributions in an orthogonal basis suited for exp
ments to highlight the dependence of the scattering am
tudes on each component of the magnetic moment. In
case, where we only consider incidents polarization, we
have for the dipole transition:

f j ,E1
XRESus→s50, ~8!

f j ,E1
XRESus→p52 iF ~1! sin~u!z3 , ~9!

and for the quadrupole term:
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f j ,E2
XRESus→s5 ic2FE2

~1!t2z21 i ~FE2
~3!2FE2

~1!!s2z2
32 iF E2

~3!s2z2~z1
21z3

2!, ~10!

f j ,E2
XRESus→p5 ic2FE2

~1!~2sz31cz1!2 i ~FE2
~3!2FE2

~1!!~2c3z1
31sc2z1

2z31s2cz1z3
22s2sz1z2

22s2cz3z2
22s3z3

3!

2 iF E2
~3!
„cc2z1z2

21~s2c1s3!z1
2z32c2sz2

2z31~c31s2s!z1z3
21cs2z1

31c2sz3
3
…, ~11!
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wherezi is the projection of the magnetization unit vector
the orthogonal basis of Hill and McMorrow with the shor
hand notationc5cos(u), c25cos(2u), c25cos2(u), etc. The
FE2

(1) and FE2
(3) may be related to the values calculated

Hamrick8 and are a few 1022 r 0 at both edges. The order o
magnitude for quadrupole amplitude is therefore similar
that for dipole terms.

To distinguish between dipole and quadrupole transitio
we use the following considerations. For a specular (0 0l )
reflection or an off-specular one of the form (h 0 l ), z250
and the unrotateds→s channel is forbidden for both dipol
and quadrupole transitions. To detect a resonant magn
signal in the unrotateds→s channel in case of a quadrupo
transition, we have to set the diffractometer in a geometr
configuration for which the ordered moment has a nonz
z2 component. In our case, this can be achieved by mea
ing (0k l) reflections for which

z25sin~x!5
kc

la
, ~12!

and f j ,E2
XRESus→s in Eq. ~10! can be made finite. The relativ

intensity in thes→s and s→p channels depends on th
ratio FE2

(3)/FE2
(1) , in addition to the scattering angle.

Numerical simulations were made for different values
the FE2

(3)/FE2
(1) ratio for several reflections in order to dete

mine their angular dependence and relative intensities
both polarization channels. Figure 10 shows the square o
scattering amplitude for the~0 4̄ 17! for the two polarization
channels as a function ofFE2

(3)/FE2
(1) . We note that the ex-

pected intensity for this reflection is similar in both chann
for any ratioFE2

(3)/FE2
(1) smaller than 1. The vertical line cor

responds to the predicted value forFE2
(3)/FE2

(1) .8 Considering

FIG. 10. Square of the scattering amplitude for the~0 4̄ 17!
Bragg peak in boths→s and s→p polarization channels as
function of the quadrupole atomic factors ratioFE2

(3)/FE2
(1) .
o

s,

tic

al
o
r-

f

in
he

s

now only specular reflections withz15z250, i.e.,z351, it is
easy to see from Eq.~11! that the angular dependence of th
scattering amplitude for the quadrupole transition ins→p is
a sine function forFE2

(3)/FE2
(1)520.5. In this particular case

the angular dependence of integrated reflections for both
pole and quadrupole transitions is identical and it is not p
sible to use this method to distinguish the two contributio
Simulations of intensities using Eqs.~10! and ~11! with
FE2

(3)/FE2
(1)520.5 give similar amplitudes in thes→s and

s→p channels for the off-specular reflections that we m
sured~0 1̄ 12!, ~0 2̄ 13!, ~0 2̄ 15!, ~0 3̄ 16!, and~0 4̄ 17!.

B. Data analysis

At the L3 edge, the temperature dependence of the~0 2̄
15! in Fig. 5 does not indicate any change in intensity abo
background in thes→s channel, whereas a signal develo
in the s→p channel below the ordering temperature. Th
indicates its magnetic origin. The dipolar origin of the res
nant scattering process is evidenced by theQ dependence of
the specular reflections measured at different Bragg angl
shown in Figs. 6 and 9, where the solid line corresponds
the expected sine function for the scattering amplitude@see
Eq. ~9!#.

As discussed above, quadrupolar terms can mimic thQ
dependence of dipolar terms if the two parametersFE2

(3) and
FE2

(1) are such thatFE2
(3)/FE2

(1)520.5. However, with such a
ratio, the magnetic intensity in both channels would be of
same order for the~0 2̄ 15! off-specular reflection and som
intensity should appear above the background in thes→s
channel. As nothing is detected within our experimental s
sitivity, we can conclude that the magnetic enhancemen
the signal at the uraniumL3 edge is due to dipole transition
only. The similar results observed at theL2 edge lead to the
conclusion that the resonance is also dipole at this edge.
means that the scattering process at the uraniumL2,3 edges in
UPd2Si2 is sensitive to the spin polarization of the 6d band.

Having demonstrated that the resonance has a dipolar
gin at theL2,3 edges, we can turn to the energy dependen
At the uraniumL3 edge, the solid line in the lower frame o
Fig. 4 corresponds to a fit of the sum of two scattering a
plitudes centered at different resonant energiesEL

3
1 andEL

3
2.

The linewidthG is obtained from the analysis of the absor
tion coefficient curve.29,30 The fluorescence can be repr
sented as a superposition of Lorentzian resonances a
contribution from the continuum. If we assume that the a
sorption edge and the white line have the same width,
determine a value forG58.5 eV. The dashed line in th
upper part of Fig. 4 corresponds to this description. TheG
value is higher than the one given in Ref. 31, but sma
than any of the ones tabulated for several uranium co
pounds by Kalkowskiet al.32 A value for f 9 at the edge can
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be obtained from the resonant contributions. At theL3 edge,
this leads to 4.5r 0 . This is to be compared with the estim
tion for dipolar transitions@Eq. ~3!# together with values fo
the radial matrix elements8 andnh'9, which gives roughly
6r 0 , in good agreement with our measured value. The
dicted quadrupole contribution amounts to'0.5r 0 .8

The two magnetic contributions observed at theL3 edge
are separated by approximately 8 eV and the amplitud
the high-energy component is about 3.5 times weaker
the main resonance. A similar behavior has been observ
x-ray-absorption-edge spectra of mixed-valence rare-e
compounds where a second contribution appears about
above the main peak.33 The two peaks may represent the tw
states available in a mixed-valence material and the shi
energy corresponds to the difference in Coulomb interac
between the 2p3/2 core hole and the 5f electronic states
Kalkowski et al. found a shift of only 4 eV in UO3, incom-
patible with the 8 eV observed in rare-earth compounds
invoked a multiple-scattering resonance to explain the
nium absorption spectra. Another reason could be relate
the density of states of the 6d bands at the Fermi level in th
presence of the 2p3/2 core hole. It is known that theL3 edge
probes the total 6d band34 and additional channels in th
band could explain the second resonance.

At the L2 edge, the core hole life timeG514 eV has been
estimated by analyzing the absorption coefficient meas
ment as discussed above. The value is larger than the
tabulated by Krause and Oliver31 but in good agreement wit
that from Bambyneket al.30 At the L2 edge, f 9 reaches
2.3r 0 , in excellent agreement with the value of 2.5r 0 esti-
mated from the resonant term in Eq.~5!. Again, the predicted
quadrupole contribution is much weaker, 0.16r 0 .8 The en-
ergy line shape of the magnetic reflectivity of the~0 0 13!
Bragg peak in Fig. 8 is described with two resonances,
for the spin-up and one for the spin-down 6d bands, sepa
rated by an energyD. The solid line corresponds to a spl
ting of D51 eV. The ratio of the amplitudeA1 of the lower
energy spin-up band to the amplitudeA2 of the higher energy
spin-down band is20.95, which gives a value

A12A2

A11A2
5

110.95

120.95
'40. ~13!

In this model, the polarization factorP in Eq. ~4! can be
written as

P5~A11A2!1
~A12A2!D/G

~EL3
2\v!/~G/2!2 i

, ~14!

in the limit of smallD/G. The amplitude ratio in Eq.~14! can
be compared with the ratio2nh /@(nd↑2nd↓)2nhd# ob-
a

-

f
n
n
h
V

-
o

-
e

ained from Eq.~4! With d'0.05, nh59 and nd↑2nd↓
0.2, we get about 36, in good agreement with the meas

alue.
The different energy line shape of theL3 and theL2 edge

ould arise from the different transition probabilities fro
he core orbitals to the uranium 6d electronic states. Trans
ions at theL3 edge probe the whole 6d band, while theL2
dge is sensitive to 6d3/2 states only. The observed value
2 is '5, which differs from the estimated value o

21.4)2'2. It should be emphasized that an inverse int
ity ratio has been observed at theL2,3 edges in most ele
ents of the light 4f series.35 In neodymium, with three
lectrons in the 4f shells,R251/6 for metallic Nd~Ref. 35!
ndR2;1/100 for ionic Nd31 in Nd2CuO4.

36 Calculations of
he circular dichroic intensity at theL2,3 edges also indicate
argerL2 enhancements for less than half-filled electronicf
onfigurations.9

The position of the maximum of the magnetic intensity
he resonant profile at these twoL edges is different from
hat has been observed at theM4 edge in UPd2Si2 ~Ref. 37!
nd other uranium systems6,38 where the peak in the resona
rofile appears approximately at the same energy as the

n the absorption spectrum. The white-line peak in the
orption curves corresponds to the mean energy differenc
he core level and unoccupied 6d states, while the magneti
ontribution may have a significant correction due toD. This
ay induce a shift of few eV at theL edges.

V. CONCLUDING REMARKS

In these experiments we have studied the resonant x
cattering processes at the uraniumL2 and L3 edges. The
esonant energy profiles observed at theL2 andL3 edges are
ifferent. A single resonance is observed at theL2 edge. The
3-edge line shape can be represented by two terms, bo

he dipolar type. The scattering amplitudes calculated fr
he measured integrated reflectivities are in qualitative ag
ent with the estimates for dipole transitions.
The polarization analysis of magnetic scattered intens

eveals no contribution in the unrotated polarization chan
or any of the measured reflections. The temperature de
ence of the scattered intensity of selected magnetic re

ions confirms the absence of a magnetic signal in this ch
el. Furthermore, the magnetic integrated intensities
pecular reflections at three different energies reveal
haracteristic angular dependence expected for dipole tra
ions. We conclude that the scattering process at the uran
2 andL3 edges is of the dipolar type. This provides a tool
tudy the 6d magnetism independently of the 5f moments
hat are probed at the uraniumM4 andM5 edges.
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