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3Laboratoire de Physique des Mate´riaux, UniversitéHenri Poincaré-Nancy 1, BP 239, 54506 Vandoeuvre les Nancy Cedex, Franc
4CEA/Grenoble, DRFMC/SPSMS/MRS, F-38054 Grenoble Cedex, France

~Received 3 June 2001; published 23 January 2002!

Resonant x-ray magnetic scattering is widely used as an element selective probe of magnetism in solids. The
present work deals with a different, less frequently addressed aspect: the electronic shell selectivity. Due to the
complexity of the atomic effects inherent to the resonant process and at the origin of the electronic shell
selectivity, the data are generally considered on a qualitative basis. Here, we try to extend the arguments to a
semiquantitative level. We show, through a detailed spectroscopic study of the resonance at theL2 and L3

edges of samarium in a single-crystal epitaxial film, how the exploitation of the atomic effects can lead to a
deeper understanding of long-range magnetic order in this material. At theL2,3 edges of rare earths, dipole
resonances carry information on the polarization of the 5d band, whereas quadrupole resonances reflect the
polarization of the 4f shell. The narrow width of the 4f band permits the interpretation of the quadrupole
resonance below theL3 edge using atomic considerations. A systematic study of the dependence of the 4f
quadrupole resonance on wave-vector transfer shows that, within our resolution, the magnitude of the 4f
moments in samarium is independent of the local environment~cubic or hexagonal!. On the other hand, the
energy dependence of the dipole resonance at and above theL2 andL3 absorption edges shows two maxima
and is interpreted in the framework of an extended density of 5d states. Finally, the relative temperature
dependences of the dipole and quadrupole resonances sheds light upon the respective contributions of the 4f
and 5d levels to the long-range magnetic order in samarium.

DOI: 10.1103/PhysRevB.65.064436 PACS number~s!: 75.25.1z, 78.70.Ck
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I. INTRODUCTION

Samarium metal constitutes an atypical case in the r
earth series, on account of both its crystal structure and
electronic properties. The crystal structure, referred to as
‘‘Sm structure,’’ is intermediate between the hcp structure
the heavy rare earths and the dhcp structure adopted by
of the light rare earths.1 The Sm structure is rhombohedra

space groupR3̄m, with three atoms per unit cell. It is mor
simply visualized as the compact stacking of nine hexago
~a,b! planes alongc, with lattice constantsa53.63 Å and
c526.21 Å at room temperature. There are two structu
domains organized in layers perpendicular to thec axis and
corresponding to the two different stacking sequenc
AcBhAhBcChBhCcAhCh or AcChAhCcBhChBcAhBh , along
the c axis. Theh andc subscripts refer to the hexagonal
cubic nearest-neighbor arrangement of the Sm sites.
structural domains have been shown to coexist with eq
populations in a bulk single-crystal sample,1 although single
domain crystals also exist.2

Samarium undergoes transitions to two distinct antifer
magnetic structures, atTN

h5106 K andTN
c514 K.3 Owing

to the important thermal neutron absorption cross sec
~'6000 barns for the natural element!, samarium is one of
the less studied rare-earth elements on a microscopic s
using the traditional tool of magnetic neutron scattering
pioneering neutron study performed on an isotopically
0163-1829/2002/65~6!/064436~12!/$20.00 65 0644
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riched single-crystal sample4 has shown that, belowTN
h,

only the moments associated with the hexagonal sites or
The hexagonal~a,b! planes carry time averaged momen
which are ferromagnetically aligned, with their axes pointi
alongc. Neighboring hexagonal planes couple ferromagn
cally, and then antiferromagnetically with the next-near
hexagonal plane, in a (011022011022) sequence,
doubling the unit cell in thec direction, with a propagation
vector~0 0 1.5! in the hexagonal cell.4 The zeros in the plane
sequence correspond to the cubic planes, where the~0 0 1.5!
Fourier component of the time-averaged moments is z
Each structural domain supports two independent magn
antiphase domains~moment reversal!. More recent resonan
x-ray magnetic scattering~RXMS! results are consistent with
this structure.5 Below TN

c, the magnetic structure of the hex
agonal sublattice is unchanged, but coexists with a m
complex magnetic structure on the cubic sites. The propa
tion vector is~1

4 0 1
4! or ~21

4 0 1
4! depending on the structura

domain, leading to 12 magnetic domains~i.e., two magnetic
antiphase domains~moment reversal! associated to each o
the three in-plane axes, and this for each structural doma!.
The moments on the cubic sites point in thec direction, as on
the hexagonal sites. The calculated Sm31 free ion moment
~4 f 5 configuration! is 0.71mB , the small value resulting from
the opposition of spin and orbital moments. The net magn
moment on the samarium sites, deduced from the neut
scattering study,4 has the even smaller value of 0.1mB . A
©2002 The American Physical Society36-1



th
el
ri
c

te
4

on
ag

de
tr

ll
de

-
r
tte
th
g
R
th

et

na

e
h
in

tio
tio
n-

ion
e

e
o
s.
ib

ss

el

t
th
is

en
In

e

fer
e

his
dy

-
he
o-
usly
tion
pen-
er.
edi-
with
an
cat-
0°
sti-

ce at

pa-
s
s.
ore

or
of
ag-
of

in

e

as

a

ry,

ne,

to
e

e of
e
light

e-
l re-
the
ile
the
A

ate
we
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large polarization of the conduction electrons parallel to
ionic spin has been invoked to account for this extrem
reduced moment. In contrast, a recent neutron-scatte
study on a 5000-Å-thick samarium film has indicated a mu
larger moment of 1.260.2mB .6

Samarium, like all metallic rare earths, has a large in
ionic separation compared with the spatial extent of thef
shell. This has been taken to imply the cooperation of c
duction electron states in the formation of long-range m
netic order in an essential way.7 The differentiation of 4f and
5d magnetism thus becomes a central issue in the un
standing of the magnetic properties. Insight into the con
butions of the localized 4f shell and the delocalized 5d band
to the time averaged magnetic moments is traditiona
gained from the study of the magnetic form factors as
duced from neutron-scattering experiments.8 The 5d shell
has a larger spatial extension than the 4f shell, and, conse
quently, the 5d form factor falls off more rapidly at highe
wave-vector transfer. A relative weakness of neutron sca
ing is, however, the inability to measure independently
contributions of the different electronic shells to the lon
range magnetic order, in a model-independent fashion.
cent experimental developments show that RXMS has
capability.9

RXMS is based on the enhancement of the x-ray magn
scattering cross section close to an absorption edge.10 At the
L2,3 absorption edges in the rare-earth metals, the reso
process involves the promotion of 2p core electrons to
empty intermediate states in the vicinity of the Fermi lev
and their subsequent decay. If the core hole formed by p
toelectron promotion is taken to be localized, the scatter
amplitude becomes site specific and, on this assump
single-ion models of the magnetic scattering cross sec
have been developed.10 The strongest matrix elements ge
erally derive from electric dipole (E1) transitions, which lift
the electron to vacant states of 6s or 5d character. The 6s
wave function oscillates more strongly in the core reg
than the 5d, resulting in a smaller overlap integral with th
2p core level. The (2p→5d→2p) dipole matrix elements
are then anticipated to be substantially larger than thos
the (2p→6s→2p) and to give the dominant contribution t
both the magnetic and nonmagnetic dipole cross section
addition to these dipole transitions, one anticipates contr
tions from the electric quadrupole matrix elements~E2 tran-
sitions!, involving vacancies in the 4f density of states, to
the magnetic scattering cross section. TheE2 transitions
(2p→4 f→2p) may also yield a significant resonant cro
section, on account of the large 4f polarization.

Several RXMS studies have taken advantage of theele-
mentselectivity to separate the contributions of different
ements to the magnetism in compounds,11 solid
solutions,12–16 or superlattices.17 The present work aims a
clarifying a less frequently addressed aspect of RXMS:
electronic shellselectivity. Two studies have made use of th
possibility.17,18In Nd/Pr superlattices17 polarization of the 5d
band of ‘‘paramagnetic’’ Pr layers is induced by the coher
long-range order in Nd through the superlattice.
DyFe4Al8 ,18 one observes the polarization of the Dy 5d
shell both under the influence of the ordered Fe sublattic
06443
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elevated temperatures and by the 4f moments at lower tem-
peratures.

E1 andE2 transitions have energies that generally dif
by a few eV. With an energy resolution of 1–2 eV, th
RXMS method becomes electronic shell selective. In t
work, we exploit this aspect of resonant scattering to stu
the interplay between 4f and 5d polarizations in the estab
lishment of long-range magnetic order in samarium. T
identification of the dipole or quadrupole origin of the res
nance requires a careful spectroscopic study, simultaneo
taking into account the energy dependence, the polariza
of the incident and scattered photon beams, and the de
dence of the scattered intensity on the wave vector transf10

Such studies have greatly benefited from the advent of d
cated beamlines at third generation synchrotron sources:
higher flux and high degree of linear polarization, one c
make an extensive use of polarization analysis of the s
tered beam.19 This method, being based on scattering at 9
by an analyzer crystal, has the further advantage of dra
cally reducing the parasitic fluorescence signal.

Rather extended spectroscopic studies of the resonan
the L2,3 edges of the heavy rare earths Ho,20 Tb,21 Dy,22 and
Tm,23 already exist, but generally do not show a clear se
ration of E1 and E2 contributions. The study of Er ha
proved more complicated due to multiple-scattering effect24

The study of the resonance in the light rare earths is m
difficult, primarily on account of the weak intensities. F
example, published RXMS work on Nd only makes use
the resonant enhancement to investigate the complex m
netic structure.25 Previously reported resonances in Sm are
very low intensity.5,26 Our preliminary study of a samarium
epitaxial film9,27 revealed three well defined resonances
the magnetic scattering signal around theL3 absorption edge
@Fig. 1~a!#. Through simple qualitative considerations w
could attribute the two high-energy resonances toE1 transi-
tions to the 5d band, while the third one below the edge w
assigned toE2 transitions to the 4f shell. At theL2 edge, the
same study9 shows negligible quadrupole resonance and
double dipole resonance@Fig. 1~b!#. This complicated energy
dependence is not fully accounted for by the existing theo
based on atomic considerations.10 In the following we extend
the above qualitative analysis to a more quantitative o
based on the itinerant antiferromagnetic state, wherein:~i!
the E2 resonance, strikingly large in samarium compared
other rare earths,20–25is shown to fit the predictions from th
narrow-band limit ~atomic theory! and ~ii ! a broadband
model28 is used to interpret the observed energy line shap
the E1 resonance. Finally, the information from th
temperature-dependent resonant signal is used to shed
on the 4f and 5d magnetism in samarium.

The organization of the paper is as follows: Sec. II d
scribes the sample and the experiment. The experimenta
sults are presented in Sec. III. In Sec. IV, we consider
nonresonant contribution to the magnetic scattering, wh
Sec. V is devoted to the study of the resonance. We split
analysis of the resonant contribution into two sections, V
and V B, according to the physical nature of the intermedi
levels in the resonant scattering process. In Sec. V A,
treat theE2 resonance of the localized 4f levels, focusing on
6-2
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INCIDENT PHOTON ENERGY DEPENDENCE OF THE . . . PHYSICAL REVIEW B 65 064436
the information that may be derived from the angular dep
dence of the scattering cross section. In Sec. V B, theE1
transitions to the delocalized 5d states are considered and w
introduce a phenomenological model to analyze RXMS d
from antiferromagnetic materials with extended intermedi
levels. The model is used in a self-consistent fashion to a
lyze the ~resonant, nonmagnetic! white line in the fluores-
cence. In Sec. V C, theL2 andL3 data are brought togethe
and a consistent analysis of the resonant line shapes o
white line and of the magneticE1 andE2 contributions at
both edges is given. In Sec. VI, we discuss the role of thed
band in the long-range magnetic order in samarium. Fina
in Sec. VII, we present our conclusions.

II. SAMPLE AND EXPERIMENTS

An experimental difficulty in the study of rare-earth me
als using x-ray scattering arises from the crystal qual
Single-crystal samples generally consist of an assembl
small crystallites with dimensions of the order of 0.1–0
mm. The mosaic spread of each crystallite can be as goo
0.02°, but the misorientations of neighboring crystallites c
be as large as 0.5°. This feature, common to all rare earth
pronounced in Sm, perhaps on account of the specific n
plane compact stacking. A second problem is related to
surface quality of the sample. On account of the strong
sorption at theL2,3 edges, the presence of surface oxidat

FIG. 1. Energy dependence of the measured peak intensity
several reflections from the hexagonal sublattice at the SmL3 edge
~a! and L2 edge~b!. The solid lines are guides for the eye. Th
vertical line gives the position of the inflexion point in the fluore
cence~taken from Ref. 9!.
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and ‘‘dead magnetic layers’’29 or the surface roughness30

complicate the line-shape analysis in a nontrivial mann
These material-related problems can be overcome by the
of epitaxial films prepared under UHV, with a thin protectiv
cap layer depositedin situ to avoid oxidation once in air.
Carefully monitored growth methods31 lead to very homoge-
neous single-crystal films, with a mosaic spread
0.1–0.3°.32 A restriction is that the film has to be ‘‘thick
enough’’ ~typically several 1000 Å!, so that the magnetic
properties do not mainly reflect the effects of strains due
lattice mismatch at the substrate and capping interfaces.
these experiments, a 5000-Å-thickc-axis Sm film, with a
500-Å Nb protective cap has been used.6,9,27 Preliminary
x-ray scattering measurements at room temperature h
shown that this film presents the ‘‘Sm structure’’ with ac
parameter of 26.21 Å, similar to the bulk value. The coh
ence length of the Sm structure in thec direction is estimated
to be of the order of 800 Å~30 unit cells!. The full width at
half maximum~FWHM! of rocking curves through the~0 0
9! and ~0 0 18! charge Bragg reflections gives a mosa
spread of 0.13°.

To extract meaningful information from magnetic Brag
peak intensities requires an integral of the full scattered
tensity. In neutron scattering or nonresonant x-ray magn
diffraction this implies using sufficiently relaxed collimatio
and/or scanning some~angular! variable. Corrections for ab
sorption, extinction, and instrumental resolution effects~Lor-
entz factor! may then be applied. Finally the data are refin
towards a given magnetic structure taking into account
form of the geometric and polarization dependencies of
scattering amplitudes. In resonant x-ray magnetic diffract
experiments, when working close to an absorption edge
encounters, as an additional variable, the energy of excita
of the resonance: the resonant scattering amplitude dep
strongly on the incident photon energy. In addition to t
integration in reciprocal space one is now faced with integ
tion ~either explicit or implicit by use of relaxed monochro
mation! over the incident photon energy in order to colle
full resonant intensities. The integration over energy is p
ticularly delicate, as one needs to distinguish resonances
lated to different excitations. In this paper, the explicit inc
dent photon energy dependence of angular integrated sca
used to deduce information on the polarized density off
and 5d states. Experimentally this requires a stable and w
monochromated x-ray source, which may be tuned thro
theL2,3 absorption edges. The intrinsic damping of the re
nance amounts to 3.3 eV~FWHM! at theL3 edge and 4.3 eV
at the L2 edge,33 which demands an incident beam mon
chromaticity in the eV range at 7 keV. In addition, to separ
the nonresonant, electric dipole and electric quadrupole re
nant scattering it is necessary to use full polarization anal
of the incident and the scattered beam.

The experiments were carried out at the bending mag
beamline XMaS~BM28!, the UK CRG beamline at the Eu
ropean Synchrotron Radiation Facility~France!. A single to-
roidal mirror placed after the double Si~1 1 1! monochro-
mator ensures the horizontal and the vertical focusing. T
degree of linear polarization depends critically on the ve
cal opening of the primary slits before the monochromator

or
6-3



r

in

tr
cto

a

ty

in

in
in

st
tra

u
d

e

u
d.
th

-
ra

rg
te
v

e

th
e
g
T
th
ig
th
s
s
t

l
bic

t the

nsi-
in
ith
me

go-

the

-
rs.
e

STUNAULT, DUMESNIL, DUFOUR, VETTIER, AND BERNHOEFT PHYSICAL REVIEW B65 064436
is 99.5% in the plane of the electron ring,34 but degrades
quickly with the vertical opening of the primary slits. Ou
compromise was a slits opening of 1.5 mm~vertical beam
divergence 63mrad!, that cuts about12 of the photon flux, but
gives a degree of linear polarization of 95%. The result
calculated energy resolution is 1.7 eV at 6.72 keV~L3 edge!
and 1.9 eV at 7.31 keV~L2 edge!. The photon flux at the
sample was of the order of 1011 photons/s at the maximum
storage ring current of 200 mA.

The diffractometer was used in the four-circle geome
and equipped with a polarization analyzer on the dete
arm. The sample was oriented with the (a* ,c* ) plane in the
vertical scattering plane. A Cu~2 2 0! analyzer crystal, with
a mosaic spread of 0.28° and a peak reflectivity of 3.5%
6.7 keV was used for polarization analysis at theL3 edge. At
the L2 edge, the analyzer was an Al~2 2 2! crystal with a
measured mosaic spread of 0.13° and 4% peak reflectivi
7 keV. If we use the linear~s,p! polarizations as basis~i.e.,
polarizations perpendicular and parallel to the scatter
plane, respectively!, with incident s polarization, as is the
present case, charge Bragg reflections will only scatter
the s polarization channel, whereas magnetic scatter
~resonant and nonresonant! also scatters into the rotateds-p
channel. The Bragg angle of the polarization analyzer cry
being close to 45°, the charge background from the subs
is reduced by several orders of magnitude in thes-p con-
figuration. This configuration was used throughout all o
measurements, mostly to benefit from the low backgroun

III. RESULTS

For the hexagonal sublattice at 50 K, the energy dep
dence was obtained at theL3 edge by scanning alongc* in
wave-vector space at each incident energy. Three spec
reflections~0 0 l !, with l 57.5, 16.5, and 25.5, were studie
The integrated intensities, corrected for absorption using
method described in Ref. 22 and for the Lorentz factor,35 are
shown in Fig. 2~b!, while Fig. 2~a! gives the energy depen
dence of the fluorescence, measured away from any B
position.

The linewidth in wave-vector space of the scans alongc*
does not show any variation with the incident photon ene
@Fig. 2~d!# and the energy dependence of the resulting in
grated intensity is identical to the energy scans at fixed wa
vector transfer shown in Fig. 1~a!. This result enabled us to
deduce the energy dependence of theL3 resonance at thre
reflections from the cubic sublattice,~0.25 0 11.75!, ~0.25 0
15.25!, and ~0.25 0 18.25!, at T58 K, from the energy de-
pendence of peak intensities. We measured scans alongc* at
only a few selected energies and obtained a linewidth
did not change with the energy. The energy dependenc
‘‘integrated intensities’’ was then estimated by multiplyin
the peak resonant intensities by the measured linewidth.
resulting integrated intensities have been corrected for
Lorentz factor and for the absorption and are shown in F
2~c!. They are approximately 1% of those measured at
same temperature for scattering from the hexagonal site
the E2 channel and essentially of zero intensity at the po
tion of the E1 resonance, except, perhaps, at the largesQ
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value. A quantitative analysis of theQ dependence of severa
magnetic reflections from both the hexagonal and the cu
sublattices, measured at 6.712 keV~Sec. V A 1! will confirm
the quadrupolar character of this resonance.

Similarly to the cubic sublattice reflections at theL3 edge,
the resonance associated with the hexagonal sublattice a
L2 edge was obtained by measuring the linewidth alongc* at
a few energies and the energy dependence of peak inte
ties. The corrected ‘‘integrated intensities’’ are displayed
Fig. 3 with the measured fluorescence. For comparison w
the L3 data, the intensities have been scaled to the sa

FIG. 2. SmL3 edge. Energy dependence of fluorescence~a!, and
of the integrated intensities of several reflections from the hexa
nal sublattice~b! and the cubic sublattice~c!. The linewidth of the
scans alongc* is constant as shown in~d! for the ~0 0 16.5! reflec-
tion. The intensities have been corrected for absorption and for
Lorentz factor. The solid lines in~b! and ~c! are the results of a
calculation~Sec. V C!. In ~c!, they show a simple Lorentzian line
shape, with a FWHMG53.3 eV, convoluted by an energy resolu
tion of 1.7 eV, and scaled with the calculated polarization facto
The vertical line gives the position of the inflexion point in th
fluorescence.
6-4
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incident photon flux, and corrected for the different analy
reflectivities. Two main resonances are observed. They h
the sameQ dependence, similar to theE1 resonances at th
L3 edge, and their position with respect to the absorpt
edge is consistent with a dipole origin.9 The substantial re-
duction of theE2 resonance at theL2 edge has already bee
observed in other rare earths, in scattering9,20,21as well as in
dichroism experiments.36 Given the weakness of the me
sured signals, no study of the cubic sublattice was attem
at theL2 edge.

IV. NONRESONANT MAGNETIC SCATTERING

At a given incident photon energy\v, the integrated in-
tensity, corrected for absorption and Lorentz factor, can
written as10

I 5K0U (
atoms j

eiQ•r@ f nonres~Q,v!1 f E1~k,k8,v!

1 f E2~k,k8,v!#U2

. ~1!

K0 is a scale factor determined from charge scattering,
Q5k2k8, wherek (k8) is the wave vector of the inciden
~scattered! radiation, and \v is the photon energy
f nonres(Q,v), f E1(k,k8,v), and f E2(k,k8,v) are the non-
resonant, resonant dipole, and resonant quadrupole sin

FIG. 3. SmL2 edge. Energy dependence of the fluorescence~a!
and of the integrated intensities deduced from the measureme
peak intensities for several reflections from the hexagonal subla
~b!. The intensities have been corrected for absorption and for
Lorentz factor. The lines are the results of a calculation~Sec. V B!.
The vertical line gives the position of the inflexion point in th
fluorescence.
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ion scattering amplitudes from atomj, respectively. The ac-
curate determination ofK0 requires careful scaling of the
intensities over 7–10 orders of magnitude, as describe
more detail in Ref. 37. We will here content ourselves w
reasonable orders of magnitude.

In thes-p polarization channel studied here, the nonre
nant amplitude is38

f nonres~Q,v!52 ir 0

\v

mec
2 2 sin2 u@~L11S1!cosu1S3 sinu#;

~2!

r 0 is the classical electron radius,u is the Bragg angle, and
L1 , S1 , and S3 are projections ofL(Q) and S(Q), which
are the Fourier transforms of the effective orbital and s
magnetic moments:L(Q)5(22gJ)J fL(Q) and S(Q)
5(gJ21)J fs(Q), gJ being the Lande´ factor.39 The spin and
orbital form factors, f s(Q)5^ j 0& and f L(Q)5^ j 0&1^ j 2&,
have been developed explicitly by Freeman and Descl
and include the summation over all electrons.40 The projec-
tions are alongu1 , u2 , andu3 , unit vectors in the directions
of k1k8, k3k8, andk2k8, respectively. In the present ge
ometry, L15L(Q)sind, S15S(Q)sind, S352S(Q)cosd,
whered is the angle betweenc ~assumed to be the positiv
direction of the spins! andk82k. For specular reflections~0
0 l !, the nonresonant contribution to the scattering amplitu
reduces to

Anonres5 (
atoms j

eiQ•r j f nonres~Q,v!

52FM~Q!ir 0

\v

mec
2 2S~Q!sin3 u. ~3!

FM(Q) is the magnetic structure factor. Assuming samari
to be in a pure Sm31 state, and considering only the 4f
contribution to the magnetism,S(Q)52 25

14 ^ j 0&. For the~0 0
7.5!, ~0 0 16.5!, and ~0 0 25.5! reflections,FM(Q)52 i)
and we obtainAnonres'0.001r 0 , 0.004r 0 , and 0.007r 0 re-
spectively, at an incident photon energy of 6.7 keV~i.e.,
below theL3 edge!.

The intensity expected from these values can be estim
by comparing to the intensity measured at a charge Br
reflection. We measured of the order of 107 photons/s in the
s-s polarization channel at the~1 0 14! reflection from one
structural domain, where the calculated charge structure
tor is 59.3r 0 . Taking the geometrical corrections into a
count, we obtain an expected intensity'0.004 photon/s at~0
0 7.5!. Such a low value is consistent with the fact that
nonresonant intensity was observed below theL3 edge at this
position. For the reflections at higherQ, the expected inten-
sities are'0.04 photon/s at~0 0 16.5! and'0.05 photon/s at
~0 0 25.5!, which is about half the background level. W
have not found unambiguous evidence for such intensity
low the absorption edge with counting times of 60 s. T
present calculation, however, neglects two effects:~i! the in-
terference with the resonant amplitudes, and~ii ! the 5d po-
larization. Calculations presented in Sec. V C suggest that
interference terms are non-negligible while, despite the p
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STUNAULT, DUMESNIL, DUFOUR, VETTIER, AND BERNHOEFT PHYSICAL REVIEW B65 064436
sible importance of the 5d polarization,4 we are able to ig-
nore it on account of its compact form factor.

V. RESONANT MAGNETIC SCATTERING

The resonant amplitudes in x-ray scattering are usu
expressed in the framework of an atomic model,10 assuming
that the intermediate states extend over a narrow band c
pared to the inverse lifetime of the core holeG. Based on the
work by Hannon et al.,10 Hamrick41 and Hill and
McMorrow42 have developed some useful expressions
the scattering amplitudes. The formalisms differ slightly, a
the correspondence is given in the Appendix. In the follo
ing, we will use the notations from Ref. 42.

The single-ion scattering amplitudesf E1(k,k8,v) and
f E2(k,k8,v) @Eq. ~1!# are written as matrix element
coupling the incident and scattered polarization vector«
and«8:

f EL~k,k8,v!

5
4p

uku (
M52L

L

@«8* •YLM~k8!YLM~k!•«#FLM~v!. ~4!

L51 or 2 for dipole or quadrupole respectively.YLM(k) are
vector spherical harmonics. The factorsFLM(v) reflect
atomic properties, and determine the strength of the re
nance:

FLM~v!5(
a,h

bP~a,h!
GLM~a,h!/G

~x2 i ! c. ~5!

x5(Eh2Ea2\v)/(G/2), wherea is the initial ~and final!
state of the ion with energyEa , and h is the intermediate
excited state with energyEh . P(a,h) represents the occu
pation and transition probabilities.GLM(a,h) is the partial
linewidth of the 2L pole radiative decay, whereasG is the
total width of the excited level, proportional to the inver
lifetime of the core hole.

The geometry of our experiment was chosen so as to k
the moments in the scattering plane. For the resonant
cesses we can write

f E1~k,k8,v!5PE1
~1!FE1

~1! , ~6a!

f E2~k,k8,v!5PE2
~1!FE2

~1!1PE2
~3!FE2

~3! . ~6b!

FE1
(1) , FE2

(1) , andFE2
(3) are amplitude factors, expressed as l

ear combinations of theFLM(v):

FE1
~1!5

3

4uku @F11~v!-F121~v!#, ~7a!

FE2
~1!5

5

4uku @F22~v!-F222~v!#, ~7b!

FE2
~3!5

5

4uku @F21~v!-F221~v!#, ~7c!
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PE1
(1) , PE2

(1) , and PE2
(3) are ~geometrical! polarization factors

determined by the characteristic directions of t
experiment.10,42 In the s-p polarization channel and fo
collinear moments in the scattering plane,

PE1
~1!5 i sin~u1d!, ~8a!

PE2
~1!5 i sin~u1d!@cos~2u!1sin~u1d!sin~u2d!#.

~8b!

PE2
~3!5 i cos@2~u1d!#sin~u2d!. ~8c!

A. Quadrupole resonance

1. L3 edge

The E2 resonance has been most clearly observed at
L3 edge. It involves highly localized 4f intermediate states
and the atomic approximation appears to be justified si
the energy width of the resonance is consistent with the
oretical value ofG, 3.3 eV at theL3 edge,33 when the experi-
mental energy resolution~1.7 eV! is taken into account. In
this section, we confirm its quadrupole origin through t
dependence on the wave-vector transfer.

The measured splitting between theE1 and E2 reso-
nances is large and we can, in a first approximation, ign
theE1 contribution to the magnetic intensity at the energy
theE2 resonance. Similarly, the weak nonresonant contri
tion will be ignored in this section, as well as the interferen
terms. With these simplifications, the integrated intensity
duces to

I 5K0A~Q!uFM~Q!~PE2
~1!FE2

~1!1PE2
~3!FE2

~3!!u2. ~9!

A(Q) is the crystal volume fraction~domains!: all magnetic
domains contribute to the intensity at specular magn
Bragg positions~0 0 l ! ~hexagonal sublattice!, whereas non-
specular reflections~cubic or hexagonal! derive from a single
pair of magnetic antiphase domains. The magnetic struc
factor is FM(Q)51 for all cubic sublattice reflections an
depends onQ for the hexagonal sublattice reflections~Table
I!. For one Sm31 ion ~five 4f electrons!, atomic calculations
lead toFE2

(1)'20.074(r 0/2l res) andFE2
(3)'FE2

(1)/2 ~Appendix
and Ref. 41!, where l res is the photon wavelength at th
resonant energy.

At the maximum of theE2 resonance, 6.712 keV, w
performedL scans around the positions of nine ‘‘hexagona
reflections~three specular and six nonspecular! and seven
‘‘cubic’’ reflections. The integrated intensities are summ
rized in Table I.

The intensity@Eq. ~9!# can be written as a reduced inte
sity:

Ĩ 5
I

A~Q!uFM~Q!PE2
~1!u2

5K0U11
pE2

~3!

PE2
~1!

FE2
~3!

FE2
~1!U2

. ~10!

The reduced intensitiesĨ are calculated assuming equal d
main populations, and shown in Fig. 4 as a function
PE2

(3)/PE2
(1) . The solid line is a result of a least squares fit

the parabolic function, Eq.~10!. The agreement is very good
6-6
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TABLE I. Integrated intensities at 8 K of several reflections from the hexagonal and the cubic sublatti
and applied corrections.m* is the absorption correction as defined in Ref. 22,A is the crystal volume fraction
~domains!, and the geometrical factors are those defined by Eqs.~8b! and ~8c!.

h k l
Integrated
intensity A FM(Q) m* ~mm21!

Lorentz
factor PE2

(1)/ i PE2
(3)/ i

0 0 16.5 0.353~12! 1 2 iA3 1351 0.583 0.320 0.187
0 0 19.5 0.158~5! 1 iA3 1561 0.689 0.362 0.035
0 0 25.5 0.0084~6! 1 2 iA3 1984 0.901 0.170 20.562
1 0 14.5 0.206~13! 1/2 2i sin(5p/9) 2437 0.147 0.070 0.839
1 0 15.5 0.015~4! 1/2 2i sin(p/9) 2261 0.212 0.097 0.804
1 0 17.5 0.064~4! 1/2 2i sin(2p/9) 2147 0.335 0.137 0.699
1 0 18.5 0.047~3! 1/2 2i sin(2p/9) 2131 0.395 0.149 0.627

21 0 14.5 0.094~6! 1/2 2i sin(5p/9) 409 0.877 0.417 20.079
21 0 23.5 0.010~2! 1/2 2i sin(5p/9) 1525 0.976 0.156 20.619
0.25 0 8.75 0.058~5! 1/6 1 1532 0.118 0.101 0.487
0.25 0 9.25 0.011~2! 1/6 1 1456 0.147 0.125 0.485
0.25 0 11.75 0.0098~7! 1/6 1 1389 0.278 0.222 0.467
0.25 0 12.25 0.0120~7! 1/6 1 1398 0.302 0.238 0.461
0.25 0 15.25 0.0099~4! 1/6 1 1502 0.440 0.305 0.390

20.25 0 8.75 0.090~5! 1/6 1 361 0.500 0.430 0.059
20.25 0 9.25 0.012~1! 1/6 1 421 0.507 0.432 0.071
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confirming theE2 character of this resonance. The positi
of the minimum of this parabola givesFE2

(3)/FE2
(1)50.51

60.01, which is within the experimental error the expec
value of 0.5 from atomic calculations.41

The reflections from the hexagonal sublattice origin
from either both structural domains or one single structu
domain. The fact that their corrected intensities fall on
same parabola confirms the assumption of equal popula
of the structural domains in this epitaxial film. Moreover, t
reflections from the cubic sublattice, once normalized by
crystal volume fraction, also fall on the same curve. This
consistent with our assumption of the equal population of
magnetic domains. Importantly, these results indicate that

FIG. 4. Reduced intensities at 6.712 keV~L3 quadrupole reso-
nance!, of several hexagonal~open circles! and cubic~full circles!
reflections as a function of the reduced polarization fac
PE2

(3)/PE2
(1) . The solid line is a fit to Eq.~10!. Interference effects

with the dipole resonance have been neglected but actually acc
for the small discrepancies observed for the weakest reflect
~large error bars!.
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4 f polarization is, within experimental error, the same on
hexagonal and the cubic sites, i.e., independent of the l
environment.

Turning now to the energy line shape, a simple analysis
the energy dependence of theE2 resonance is possible at th
cubic sublattice reflections, where theE1 and the nonreso
nant contributions can be neglected. The solid lines in F
2~c! result from a simultaneous fit of all reflections to th
theoretical Lorentzian line shape of theE2 resonance
~FWHM G53.3 eV!, convoluted by the instrumental energ
resolution 1.7 eV. UsingFE2

(3)/FE2
(1)50.5 and a crystal fraction

1
6 the only adjusted parameters are the scale factor and
energy of the resonance estimated atEE256.7121(2) keV.
The agreement is good, allowing us to use the resonant
ergy EE2 as well as the theoretical linewidth in the interpr
tation of the resonant line shape at the hexagonal subla
reflections~Sec. V C!.

2. L2 edge

At the L2 edge, atomic calculations41 give FE2
(1)'

20.054(r 0/2l res), andFE2
(3)'FE2

(1)/2, which leads to scatter
ing amplitudes of the same order of magnitude as at theL3
edge. However, no distinct quadrupole resonance is vis
@Figs. 1~b! and 3#. At a qualitative level this discrepancy ma
be explained taking into account spin-orbit splitting of thef
levels.43 TheL3 edge will be dominated by transitions to th
j 5 7

2 state while theL2 edge connects thej 5 5
2 . The j 5 5

2 are
expected to lie lower in energy on account of the spin or
splitting, and the five 4f electrons of Sm31 will preferen-
tially occupy these states. The number of vacantj 5 5

2 levels
is hence reduced from 6 to 1, in contrast to the eight sta
available for thej 5 7

2 level. Crudely this will give a contri-
bution to the intensity ratioL3 /L2564/1, which is consisten

r

unt
ns
6-7



e

ol
n
o-

in

om

th
p
e

-
a
2

re
an
de

u-
n
c
et
io

he
at
f t

pr
ec
n
ex

b
g

en
ob
s

s
if-
n

n

ie

ex

rent
e-
ig-

in-
-
sity

im-

,
n

g-

etic

he
ure-

r

trix

STUNAULT, DUMESNIL, DUFOUR, VETTIER, AND BERNHOEFT PHYSICAL REVIEW B65 064436
with the apparent absence of quadrupole resonance at thL2
edge and with the more detailed calculation presented
Sec. V C.

B. Dipole resonance: Model

In contrast with theE2 resonance, theE1 resonance in-
volves 5d band magnetism. Indeed, the data show dip
resonances extending over some 10 eV, which dema
adopting a somewhat different point of view from the is
lated ion ~atomic! standpoint.10 As no E1 resonance was
observed with sufficient intensity at positions correspond
to the long-range order in the cubic sublattice@Fig. 2~c!#, this
part of the analysis is restricted to magnetic intensities fr
the hexagonal sublattice, both at theL2 and theL3 edges.

Based on previous work,18,28 we consider two issues: Sm
is metallic and antiferromagnetic. First, on account of
metallic nature, it may be more appropriate to treat the em
(5d) intermediate states of theE1 resonance as bands. Th
density of intermediate levelsD(E), available to the reso
nance, is determined by the site projected density of vac
states of the appropriate symmetry. For example, thep
→5d→2p transition considered here requires thed ~or l
52) projection. Second, antiferromagnetic ordering is rep
sented by a spatial, rather than energetic, splitting of up
down spin density onto two magnetic sublattices, which
fines a new Brillouin zone.

Before setting up an explicit model within which to eval
ate the RXMS data, we note that electric dipole transitio
are also responsible for the white line in the fluorescen
Hence a model for the energy line shape of the magn
dipole resonance should be consistent with the observat
on the energy line shape of the~nonmagnetic! white line. In
this light, we develop a phenomenological picture with t
constraint that one model density of effective intermedi
states reproduces the white line and the energy profiles o
magnetic resonances at both theL2 and theL3 edges. In this
paper, we content ourselves with such a consistent inter
tation of the energy profiles. The decomposition of the eff
tive density of levels to extract matrix elements and ma
body effects is not pursued. To our knowledge, the only
isting quantitative analysis have been performed at theK
edge of 3d elements where the data could more easily
related to simple models of spin orbit and exchan
splitting.44–46

As an elementary model for the polarization on a giv
antiferromagnetic sublattice, we write the respective pr
ability of finding the spin-up or spin-down lower level, a
0.5(16pl). The probability of finding an electron in thi
lower level is denotedal .47 When necessary, to express d
ferences in spin-up and spin-down radial matrix eleme
connecting the core and valence levels~breathing effect! a
correction of the form (16m l), can be made to the mea
radial matrix elementM5d . While such corrections may, in
some instances, play a vital role,18,36 to simplify we will
ignore them in the following analysis. Analogous quantit
pu , au , andmu are defined for the upper level. In generalpu
is the negative ofpl . Note that in the ionic picture,10 both
exchange splitting and breathing were at first ignored,
06443
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change splitting was then put in as a correction,10,20and then
breathing was introduced.36 In the following, the band split-
ting is assumed to be the same for all subbands of diffe
orbital projection and the spin-orbit splitting of the interm
diate levels and the spin splitting of the core levels are
nored.

The antiferromagnetic scattering amplitude at a given
cident photon energyhv is sensitive to resonant contribu
tions integrated over the lower and upper bands, with den
of statesDl(E) and Du(E) and widthWl and Wu , respec-
tively. Summing over both spin states, and assuming for s
plification the same density of states forM51 and M5
21, we obtain

FE1aE
El

El1Wl M5dBlDl~E2Ea!

G@x~E!2 i #
dE

1E
Eu

Eu1Wu M5dBuDu~E2Ea!

G@x~E!2 i #
dE ~11!

with Bl5pl(12al), Bu5pu(12au) and x(E)5(E2Ea
2\v)/(G/2). El is the bottom of the lower energy band
which is split by the antiferromagnetic potential by a
amount 2g from the lower edge of the upper band atEu . As
an explicit example, following the analysis of Hamrick,41 we
give theE1 contribution at theL3 edge:

f E15r 0S 1

5D ~ka0!2M5dmec
2S 10

18D F EEl

El1Wl
dE

BlDl~E2Ea!

G@x~E!2 i #

1E
Eu

Eu1Wu
dE

BuDu~E2Ea!

G@x~E!2 i # G , ~12!

wherea0 is the Bohr radius. We note that the antiferroma
netic band model anticipatesf E1

L3 5 f E1
L2 . Substituting in the

atomic radial matrix element41 for an order of magnitude
estimate together with a peak density of states.W21 gives
a peak intensity of

f E1'r 00.36Pol5dPE1
~1! , ~13a!

where Pol5d is the effective polarization of the 5d band. An
expression may be derived in a similar manner for theE2
scattering amplitude:

f E2'r 00.12 Pol4 f~2PE2
~1!1PE2

~1!!, ~13b!

where we have used the result that, for antiferromagn
bands,FE2

(1)'2FE2
(3) . In these estimates,W5d510 eV and

W4 f50.5 eV. Scaling to the charge scattering~Sec. III!, one
has 0.12r 0'40 cts/s at 200 mA ring current, this places t
estimated amplitudes in reasonable accord with the meas
ments.

Now turning to the white line, we analyze it in a simila
manner, but with coefficientsCl5M5d(12al) and Cu
5M5d(12au), where we once again assume equal ma
elements for the upper and lower bands:
6-8
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f 9aCl ImS E
El

El1Wl Dl~E2Ea!

x~E!2 i D
1Cu ImS E

Eu

Eu1Wu Du~E2Ea!

x~E!2 i D . ~14!

At the empirical level, the low-energy tail of the fluorescen
spectra is expected to be dominated by, and hence ma
used to estimate, the core hole lifetime. In the present cas
is consistent with the determination made from the study
the E2 resonance at the cubic sites. Given the core h
lifetime, the profile may be used to estimateD(E2Ea).

C. Analysis of the resonant line shape

The analysis of the resonant line shape has to include
contributions: nonresonant,E1, andE2. It has two parts:~i!
the relative angular dependence of the spectra as one p
from one antiferromagnetic Bragg peak to another, given
the polarization factors, and~ii ! the energy dependence of th
scattering profiles.~i! is given by the relevant geometrica
factors @Eqs. ~8a!–~8c!#. The energy dependence~ii ! of the
E1 resonance at theL2 edge is simpler than that of theL3 ,
since theE2 contribution is small, and is treated first.

Using the literature value ofG, 4.3 eV at theL2 edge,32 a
self-consistent loop of calculation has been made in which
initial D(E) is selected and both the white line and antife
romagnetic response are calculated. The spectral we
function D(E), Fig. 5, was iterated until consistency wa
obtained in the calculation of both the resonant magnetic
the white line data~Fig. 3!. The model antiferromagneti
band splitting parameterg has been set to 1 eV. In this pro
cessg interacts~in practice only weakly! with D(E). The
exact value ofg is not critical at this stage, but it cannot b
claimed that a unique solution has been found. Help m
come in the future from calculations ofD(E) by band-
structure methods using the appropriate antiferromagn
unit cell.

At the L3 edge, comparison with the scattering data
more intricate on account of the significantE2 term. The
shape and position of theE2 contribution has been take

FIG. 5. 5d density of states used in the calculation of the ene
line shape of theL2 andL3 resonances and of the fluorescence. T
density of states is simply shifted by 590 eV between theL2 and the
L3 edges.
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from the observed scattering at the cubic sites~Sec. V A! and
a nonresonant contribution~Sec. IV! has been introduced
The calculatedE2 scattering amplitudes are20.046r 0 ,
20.061r 0 , and10.014r 0 at ~0 0 7.5!, ~0 0 16.5!, and ~0 0
25.5!, respectively. Making allowance for the spin-orbit spl
ting of the 2p1/2 and 2p3/2 core levels, a rigid shift of 590 eV
the resonant line shape could then be calculated using
same density of statesD(E) as at theL2 edge for theE1
scattering~solid lines in Fig. 2!. The calculated white line a
the L3 edge likewise uses the sameD(E) and energy shift.

Finally, consistency was ensured by coming back to
L2 edge with, this time, both a quadrupole and nonreson
contributions included. This gives the solid lines in Fig.
Once the model density of statesD(E) is chosen, only the
ratio betweenE1 and E2 resonances and an overall sca
factor need to be adjusted at each edge to obtain consist
over our full set of data. It is found that, while theE1 am-
plitude is essentially the same at both theL2 andL3 edges in
agreement with the antiferromagnetic band model, theE2
contribution is approximately eight times weaker at theL2
edge, as anticipated in a qualitative manner for transition
spin-orbit split bands~Sec. V A 2!. The only clear discrep-
ancy in the global simulation is below theL3 resonances a
the highestQ, where the calculated profile is overestimate

VI. 4 f AND 5d MAGNETISM IN SAMARIUM

A neutron-diffraction experiment4 has indicated that the
moments on the hexagonal and the cubic sites are of e
amplitude. Our study of theE2 resonance in the low
temperature phase shows that the 4f polarization is indepen-
dent of the local~hexagonal or cubic! environment, as might
be expected from a pure rare earth where the 4f moments are
localized and follow the Hund’s rules. The question is mo
delicate when considering the 5d band. However, some ligh
may be brought on the relative behaviors of the 4f and 5d
polarizations by the study of the temperature dependenc
the E2 andE1 resonances.

The energy line shape and the intensity of scattering fr
the hexagonal sites are not modified on cooling belowTN

c.
This is shown for the~0 0 25.5! reflection at theL3 edge in
Fig. 6. The implication is that the establishment of lon

y
s

FIG. 6. Energy dependence of the~0 0 25.5! hexagonal sublat-
tice reflection at 50 K~open circles! and at 9 K~full circles!.
6-9
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range magnetic order in the cubic sublattice does not m
surably affect the projection of the 5d polarization on the
hexagonal sites.

Moving to TN
h, we investigated the magnetic polarizatio

of the 4f and 5d states close to the transition. The ener
dependence of the resonance at the~0 0 16.5! position mea-
sured at 105.5 K, close toTN

h is shown in Fig. 7. The inten
sities are 33 times smaller than at low temperature, but
energy line shape of the resonance is unchanged. The
perature dependence of the integrated intensity~scans along
c* ! has then been studied at two energies, 6.712 and 6
keV, chosen as representative of the 4f and the 5d reso-
nances, respectively~Fig. 8!. One sees that both theE1 and
E2 resonances follow exactly the same temperature de
dence. These results indicate that the 4f and 5d electrons are
polarized with a constant ratio, even very close toTN

h, as
anticipated in a simple RKKY model.

No similar study could be performed for the cubic subl
tice belowTN

c, due to the absence of observableE1 inten-
sities. When allowance is made for the sample fraction
served at a given reflection~structural and magnetic
domains! and for geometrical factors, assuming a 5d polar-
ization parallel to the 4f polarization, the simple conside
ations presented in Sec. V fail to account for this absenc

FIG. 7. Energy dependence of the~0 0 16.5! hexagonal sublat-
tice reflection at 50 K~open circles! and at 105.5 K~full circles!.

FIG. 8. Temperature dependence of~0 0 16.5! intensity at the
dipole and quadrupole resonances, taken at 6.719 keV~full circles!
and at 6.712 keV~open circles!, respectively. The dipole intensitie
have been multiplied by 2.4 to allow easy comparison.
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VII. CONCLUSION

This study of rare-earth magnetism by RXMS in molec
lar beam epitaxy grown films illustrates the use of su
ciently thick films to approach bulk material properties
much more favorable experimental conditions. The princi
advantage of such films is the ability to prepare, in a co
trolled manner under conditions of ultrahigh vacuum, go
quality, homogenous, monocrystalline samples with an in
protective layer. This, in particular, eliminates problems
sociated with surface degradation and oxidation, which h
plagued experimental progress in this field.

Resonant magnetic scattering occurs for both thef
~quadrupole! and the 5d ~dipole! levels on the sites with
local hexagonal symmetry and the ratio of 4f to 5d scattered
intensity does not vary with the temperature. This is cons
tent with the idea of propagation of magnetic 4f order by
itinerant 5d electronic states on the hexagonal sublatti
The scattered intensity from the hexagonal sites is, within
experimental resolution, identical at 8 and 50 K. This impl
that neither the 4f nor the 5d polarization associated with
the hexagonal sites is changed in a radical manner on pas
below TN

c, where the cubic sites order.
The situation is more complex for the cubic sublattice:

one hand the study of integrated intensities at theE2 4f
resonance suggests that the effective ordered magnetic
ment in the 4f shell is likely to be similar in magnitude on
the cubic and the hexagonal sites. On the other hand,E1
scattering is found exclusively at hexagonal sites. A sim
interpretation in terms of negligible 5d polarization on the
cubic sublattice is not satisfactory: if the cubic sites ord
independently from the hexagonal sublattice and given
large interplane separation in the cubic sublattice,'9 Å, the
understanding of long-range magnetic order of the 4f mo-
ments becomes difficult. This point deserves further inve
gation.

The analysis of the energy dependence of the resona
focuses on the physical nature of the intermediate levels,
narrow-band character of the 4f level (W!G) contrasting
with the broad, bandlike, 5d levels. Several features appare
in the data support this analysis. First, considering theE1
cross section as measured at the hexagonal sites, it pr
possible to useone density of intermediate levels to mode
both the magnetic and the white line intensities atboth the
L2 and theL3 edges. The ratioL2 /L3.1, as anticipated in
the model, and the absolute intensities are in order of m
nitude agreement with the experiment. However, we fail
find a simple explanation for the lack ofE1 resonance at the
cubic sites. Passing to theE2 resonance, the antiferromag
netic model again, in the limit caseW!G, consistently with
the localized picture, yields agreement with the observed
tensities and predictsFE2

(1)52FE2
(3) as observed experimen

tally. Elementary considerations of the role of spin-orbit co
pling shed some light on the marked absence of elec
quadrupole scattering at theL2 edge.

It is hoped that these results will encourage the use
RXMS in the study of microscopic magnetism in rare eart
with a new, more quantitative approach of the scattering a
6-10
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plitudes, and stimulate further study of this fascinati
element.
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APPENDIX

The following notes the relationship between two alte
nating forms of the resonant cross section, given by Han
et al.,10 and by Hamrick.41 Hannon’s formulation, further de
veloped by Hill and McMorrow,42 is widely used, but the
relationship is useful if one wants to use the matrix eleme
calculated by Hamrick.

Starting from the coherent elastic magnetic scatter
cross section48 the multipole expansion performed by Ha
non et al. and by Hamrick lead to the resonant single-i
amplitude, Eqs.~A1! and ~A2!, respectively,

f EL~k,k8,v!

5
4p

uku (
M52L

L

@«8* •YLM~k8!YLM~k!•«#FLM~v!, ~A1!

f EL~k,k8,v!5
Eh2Ea

hv

r 0

x2 i (
M52L

L

ALM~v!PLM~v!,

~A2!

with x5(Eh2Ea2\v)/(G/2). The correspondence betwee
Eqs.~A1! and ~A2! is simply

Eh2Ea

hv

r 0

x2 i
ALM~v!5

4p

uku
FLM~v!. ~A3!
B

.
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In both references, the above relations are then express
a different, but equivalent, formalism, where the unit pol
ization direction z at the atomic sites appears explicitl
which is more convenient in the interpretation of scatter
data. The developments to the different orders inz lead re-
spectively to Eqs.~A4! ~Hannon! and ~A5! ~Hamrick!:

f EL~k,k8,v!5
4p

uku (
n50

2L

FEL
~n!PEL

~n! , ~A4!

f EL~k,k8,v!5
Eh2Ea

hv

r 0

x2 i (
n50

2L

Ãn
~EL!P̃n

~EL! . ~A5!

Hill and McMorrow give the relationship between theFEL
(n)

and FLM(v),41 and Hamrick writes the correspondence b
tween the polarization factorsP̃n

(EL) from Eq. ~A5! and the
PLM(v) from Eq. ~A3!. Simple algebra then leads to

FE1
~n!5

1

2l res

r 0

x2 i
Ãn

~E1! , n50, 1, 2, ~A6a!

FE2
~n!5

1

2l res

r 0

x2 i
Ãn

~E2! , n50, 4, ~A6b!

FE2
~1!5

1

2l res

r 0

x2 i
~2Ã1

~E2!!, ~A6c!

FE2
~2!5

1

2l res

r 0

x2 i
~Ã0

~E2!1Ã2
~E2!!, ~A6d!

FE2
~3!5

1

2l res

r 0

x2 i
~Ã1

~E2!1Ã3
~E2!!, ~A6e!

wherel res is the photon wavelength at the resonant ener
a
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