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Magnetic circular dichroism of resonant x-ray emission spectroscopy for SmL 3M 4,5 and L 2M 4
in a Sm21Co79 amorphous alloy
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The magnetic circular dichroism~MCD! of resonant x-ray emission spectroscopy~RXES! was studied for
the SmL3M4,5 andL2M4 optical processes in a ferromagnetic Sm21Co79 amorphous alloy. The MCD of RXES
~MCDRXES! originating from the optical process of 2p63d104 f n→2p53d104 f n11→2p63d94 f n11, which
corresponds to dipolar decay after quadrupolar (E2) excitation, was obviously observed at the preedge region
in addition to that of the normal dipolar (E1) excitation. Moreover, theE2 contribution of the MCD has been
separated into those forE2 excitation to the Sm 4f state with majority and minority spins. A theoretical
calculation based on a formula of the coherent second-order optical process was carried out for all of the
experimental MCDRXES spectra. In the calculation, the multiplet coupling effect and the enhancement of the
2p-5d dipole matrix elements proposed for the MCD of x-ray absorption were taken into account. The
calculated MCDRXES spectra reproduced all of the experimental results very successfully. The present result
provided an appropriate interpretation of the origins of the MCD effect, which comes from theE1 and theE2
contributions at both theL3 and theL2 edges.

DOI: 10.1103/PhysRevB.67.094439 PACS number~s!: 87.64.Ni, 71.20.Eh, 78.70.En
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I. INTRODUCTION

X-ray magnetic circular dichroism~MCD! has been de-
veloped as the powerful probe to investigate ferromagn
and ferrimagnetic materials with element and shell selec
ity in the last decade. MCD at the rare-earth~RE! L2,3 edges
has been measured to study the magnetic behavior of thd
spins, which play essential roles in the indirect 3d-4 f ex-
change interaction in RE transition-metal systems.1 The in-
formation on the 5d spin state obtained from the MCD
should be very precious, because no other experime
means can reflect the 5d magnetism more directly. Despit
this principal benefit, the interpretation of MCD at the R
L2,3 edges has been debated due to some secondary ef
such as the presence of a quadrupolar (E2) transition,2–10the
spin dependence of the radial parts of the ma
elements11,12 and, more recently, 3d-5d band mixing in RE-
transition metal systems.13 Among them, a confirmation o
the existence of theE2 contribution has been a controvers
subject in the MCD studies at the REL2,3 edges for a long
time. The preedge structure of the MCD spectra could
regarded as theE2 transition to the 4f state from the 2p core
state, because the 4f level is pulled down below the 2p-5d
absorption edge due to the strong Coulomb interaction
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tween the 2p core hole and the 4f electrons.
Some early reports have discussed theu dependence of

the MCD intensities, whereu is the angle between the spi
vector and the incident x-ray beam. Theu dependence is
given as

mc
E15

6pN

k
~w112w121!cosu, ~1!

mc
E25

10pN

k
@~w222w222!sin2u

1~w212w221!cos 2u#cosu, ~2!

whereN is the number of atoms per unit volume,wlm are the
matrix elements of the transition, andmc

E1 and mc
E2 are the

MCD intensities for theE1 and theE2 excitations.2 Equa-
tion ~1! means thatmc

E1 is proportional to cosu, while mc
E2

deviates, as found from Eq.~2!, from the proportional depen
dence to cosu. In an early stage of verifications based o
Eqs.~1! and~2!, several experiments3–7 were tested at room
temperature and failed to find the existence of theE2 con-
tribution in the MCD spectra because the deviation of
angular dependence ofE2 MCD from cosu decreases with
increasing temperature due to thermal fluctuation. In 19
©2003 The American Physical Society39-1
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Langet al. confirmed the existence of theE2 contribution at
the Dy L3 edge of a Dy0.6Tb0.4 alloy cooled down to 80 K.8

However, the result of a similar study in YbFe2 by Giorgetti
et al.9 seems not to be consistent with a resonant x-ray em
sion spectroscopy~RXES! study in Yb2Fe14B by Bartolomé
et al.14 with respect to the energy at whichE2 MCD appears.
The latter study in YbFe2 convinced us of the limitation o
confirming the existence of theE2 MCD experimentally by
means of x-ray-absorption spectroscopy~XAS! .

RXES has remarkably progressed thanks to the deve
ment of highly brilliant synchrotron x-ray sources. RXES
a coherent second-order optical process, and gives more
tailed information on the solid-state physics than the fir
order ones, such as XAS~Ref. 15! or x-ray photoemission
spectroscopy. Since the optical process is identified by
emission energy in RXES, theE2 contribution can be sepa
rated fromE1, judging from the energy scheme.16–20 The
signature of theE2 transition is visible in RXES as an inde
pendent peak originating from optical process
2p63d104 f n→2p53d104 f n11→2p63d94 f n11. From this
point of view, the MCD of RXES~MCDRXES! is just a
direct and powerful probe to investigate theE2 contribution
of MCDXAS ~MCD spectra of XAS! in spite of the weak-
ness in the MCDRXES signal intensity.

The MCDRXES of GdL3M4,5 was observed in a metalli
Gd by Krischet al. for the first time,21 whereL3M4,5 repre-
sents the x-ray emission of the decay fromM4,5 shells after
L3 absorption. The fluorescentL3M4,5 and L2M4 emission
lines, which were investigated in this work, have been c
ventionally calledLa1,2 and Lb1. The MCDRXES of the
L3M4,5 for Gd,22–27Ho,28 and of theL3M4,5 for La, Sm, and
Gd,29 and of theKL2,3 for Co ~Ref. 30! have been studied b
the present authors. A theoretical calculation taking into
count multiplet interactions well reproduced the experim
tal MCD spectra for the off-resonant XES of the GdL3M4,5

by de Grootet al.31 and L2M4 , L3M4,5, L3N4,5, L2N4 for
Nd, Gd, and Dy ions by Jo and Tanaka.32 As same as con
ventional RXES, MCDRXES is a favorable approach to e
cidate theE2 contribution in MCDXAS. Actually, theE2
contribution has been observed in MCDRXES ofL3M4,5 in
Gd ~Refs. 21 and 22! and Ho ~Ref. 28! when the incident
x-ray energy is tuned to the preedge region, though they h
not yet been confirmed by theoretical calculations.

In this paper, the MCDRXES for the SmL3M4,5 and
L2M4 in a Sm21Co79 amorphous alloy is presented alon
with a comparison between the experimental and calcula
spectra. The ferromagnetic Sm ion was chosen as the typ
and preferable element for a MCDRXES study. The S
MCDXAS at theL3 edge shows a complicated feature due
a strong superposition between theE1 andE2 contributions,
as shown in the following experimental section. The pres
study covered both theL3 and L2 edges, because theE2
contribution of MCD at theL2 edge, at which the MCD
intensity is larger than that at theL3 edge, has been reporte
less so far, also, it is very interesting to investigate the det
by means of RXES. Theoretical calculations were perform
for all of the experimental MCDRXES spectra based on
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appropriate model, which had already been established in
previous work for the Gd L3M4,5 and L2M4
MCDRXES.26,27,33

II. EXPERIMENTS

A ferromagnetic Sm21Co79 amorphous thin film of 2mm
thickness was prepared by deposition onto a polyimide fi
with rf magnetron sputtering. The surface of the thin fil
was coated with a Si3Nx layer ~20 nm! to prevent oxidiza-
tion. MCDXAS and MCDRXES experiments were pe
formed at the elliptical multipole wiggler beamline 28B o
the Photon Factory, Institute of Materials Structu
Science.34 The incident x rays with minus helicity wer
monochromatized using Si~111! reflection, where the esti
mated degrees of circular polarization (Pc) were 0.53 and
0.51 at the SmL2 and L3 edges, respectively. The MCD
spectra of XAS in Sm21Co79 at the SmL2,3 edge were mea-
sured at room temperature with the transmission geom
using two ion chambers. Instead of switching the helicity
the incident photons, an applied magnetic field of about 0.
was reversed every 4 s toobtain the MCD effect. The surfac
of the sample was parallel to the applied magnetic fields,
was tilted by 45° along the wave vectork of the incident
beam. MCD is given asm1(v1)2m2(v1), wherem1(v1)
andm2(v1) correspond to the XAS spectra when the an
betweenk and the magnetic field is acute and obtuse, resp
tively; v1 andv2 are the energies of the incoming and ou
going x rays, respectively.

The geometrical layout of the MCDRXES experiment h
already been introduced in Ref. 30, where the angle betw
the scattered x rays and the normal of sample surface wa
to 54.7°. The angle between the incident x rays and
sample magnetization (u) was chosen to be 36.9° to obta
the best compromise between the energy resolution of
emission spectra and the magnitude of the MCD signals
should be noticed thatu is different from that for the experi-
ment of MCDXAS due to a geometrical limitation of th
present experimental setup. A magnetic field of 1.1 T w
applied to the sample using a magnetic circuit made of a
of Nd-Fe-B permanent magnets, and the field direction w
switched every 10 s to obtain the MCD effect without chan
ing the helicity of the incident x rays. Cylindrical bent InS
~440! and Ge~333! crystals were used to analyze the emitt
x rays for the SmL3M4,5 and theL2M4, respectively. The
analyzed x rays were counted by a position-sensitive prop
tional counter filled with an Ar1 10% CH4 mixture of 7
atm. The total-energy resolutions of the present appar
were 1.2 eV and 1.3 eV around SmL3M4,5 and theL2M4
fluorescence lines, respectively. MCDRXES was defined
I 1(v2)2I 2(v2), whereI 1(v2) and I 2(v2) are the inten-
sities of the fluorescence yield. They were measured w
the k of the incident beam was parallel and anti parallel
the magnetization of the sample, respectively.

Figure 1 shows XAS spectra and MCDXAS at the SmL3
and theL2 edges in the Sm21Co79 amorphous thin film. The
intensity of the spectra was corrected by the factorPccosu.
This correction was not exact for theE2 part of the MCD,
but almost true, because the spectra were measured at
9-2
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FIG. 1. XAS spectra~open circle! and MCD
~filled circle! at the SmL3 edge (le f t) and theL2

edge (right) in Sm21Co79 amorphous thin film at
room temperature. The MCDRXES were me
sured at the energies labeled bya–e for the L3

edge andf – j for the L2 edge with vertical lines.
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temperature, at which the confirmation of theE2 MCD
based on Eq.~2! has not yet been successfully made. Peaka
andb on the MCDXAS spectrum at theL3 edge, which have
opposite signs and are located in the preedge region,
attributed to theE2 transition to the majority and minority
spins of the 4f state, respectively. Peaksc and d of the E1
character correspond to the first inflection point and
white line of XAS spectrum, respectively. As at the SmL3
edge, the energies labeledf, i, and j in MCDXAS at theL2
edge represent theE2 contribution, the white line and of
resonant region of XAS, respectively. The energies labe
a– j in Fig. 1 were chosen as those at which the RXES sp
tra were measured, where the energy labelede and j can be
regarded as an off-resonant region. According to a theore
investigation by Fukuiet al., the 3d25d band mixing is
likely to be reflected at energyc and h on the MCDXAS
spectrum13. The magnitude of MCDXAS at theL2 edge is
about 6-times as large than that of theL3 edge, which is a
typical tendency for MCDXAS of the light RE group.

The RXES spectra of SmL3M4,5 and theL2M4 are shown
in Fig. 2 as thev1 dependence. In the following discussio
on the overall feature of RXES, the experimental result at
L3 edge focuses on the intenseL3M5 feature due to the
inherent weakness of theL3M4 emission. Thev1 depen-
dence of the RXES intensity correctly followed XAS at th
L3 and L2 edges except for a deviation due to a se
absorption effect~not shown here!. In the RXES spectra for
v156704–6712 eV, theE2 emission lines labeledQ1 are
observed, which can be explained as theE1 emission of the
3d2p decay after theE2 transition to the 4f majority level.
The energy difference ofv2 between theE1 and theQ1 is
about 9.0 eV. Around an incident energy of 6711 eV, t
Raman shift forQ1 appears to be saturated. The should
structure labeledQ2 can be seen on the RXES spectra
v156710–6714 eV, which corresponds to theE2 contribu-
tion related to the 4f minority level. The energy deviation o
Q2 from the E1 emission line is about 5.0 eV forv1
56714 eV. As forE1, a Raman shift is clearly observed
the spectra belowv156721 eV; small peaks originatin
from the off-resonant Raman scattering are also vis
above v156728 eV, where the Raman scattering cor
sponds to the transition into the 5d state. On the other hand
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fluorescence is dominated for the RXES spectra abovev1
56721 eV, where the fluorescence originates from the tr
sition into the continuum state above the 5d band. For Sm
L2M4, the overallE1 feature, such as the existence of
Raman shift, is consistent with those forL3M4,5. As in the
case ofL3M4,5, the E2 feature is also observed at 6.8 e
above theE1 emission line in the RXES spectra forv1
57302 and 7308 eV.

The MCDRXES spectra measured forL3M4,5 andL2M4
are shown in Fig. 3. In the MCDRXES spectrum at~a! in
Fig. 3, theE2 MCD features associated withQ1 andQ2 are
observed with negative and positive signs, respectively.
signs of peaksQ1 for Fig. 3~a! and theQ2 for 3~b! are
consistent with those of the MCDXAS at the correspond
v1. For the MCDRXES ofQ1, the E2 contribution is con-
firmed to be the dominant origin of the correspondi
MCDXAS because theE1 part has a dispersive shap
whose integration seems to be almost zero. TheE2 contri-
bution of the MCDRXES ofL3M4 is also observed atv2
5 5610 eV, which has almost a comparable intensity w
the E1 part of L3M4. The MCDRXES spectrum become
very narrow atv15 6717 eV due to the resonance of theE1
transition.

For L2M4, the signs of theE1 part of the spectra are
inverted with respect to those forL3M5. The magnitude of
MCDRXES for L2M4 is almost similar to that forL3M5 in
spite of a huge difference of the intensity in MCDXAS
where MCDXAS can be regarded as approximately the in
gration of MCDRXES. The large difference in MCDXAS i
attributed to subtle unbalances in the intensity between
positive and negative peaks of the MCDRXES spectra. T
E2 MCD feature can also be seen in~f! and ~g! of Fig. 3,
which has a negative sign. As in the case of MCDRXES
the L3M5, the signs forL2M4 are consistent with those o
MCDXAS at the correspondingv1 in Fig. 1. MCDRXES
spectrum is sharpened atv15 7315 eV, which is in the reso
nance condition of theE1 transition.

III. MODEL OF THE CALCULATION AND THE RESULT

We used a formula of the coherent second-order opt
process for RXES, which is represented by
9-3
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FIG. 2. Incident x-ray energy dependence
RXES spectra for SmL3M4,5 ( le f t) and Sm
L3M4,5 (right). The incident photon energies, a
which the spectra were taken, are given in t
figure. Labelsa– j are consistent with those in
Fig. 1. All of the spectra were normalized so th
the peak intensity is 1. RXES spectrum peaks
beled Q1 and Q2 originate from theE2 transi-
tions from 2p to 4f , whereQ1 andQ2 are attrib-
uted to the RXES spectra, which originate fro
theE2 excitation to the majority and minority o
the Sm 4f spin state, respectively~Ref. 14!. The
small peak represented as O.R. originates fr
off-resonant Raman scattering.
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where ug&, u i &, u f & are the ground, intermediate, and fin
states with energiesEg , Ei , andEf , respectively,v1 andv2
are the energies of the incoming and outgoing x rays,T1 and
T2 correspond to the transition operators in the excitat
and the radiative decay processes. We takeT1 as the electric
dipole transition operator (e•r ) and the electric quadrupol
one (k•r )(e•r ), and T2 as the electric dipole one (e* •r ).
L(x,G) is a Lorentzian defined byL(x,G)5G/p(x21G2),
G i(G f) is the 2p (3d) core hole lifetime broadening of th
L(M ) shell, which is set to be 2.0 eV~0.5 eV!, and all
calculated spectra are convoluted by the Gaussian func
with the half width at the half maximum, 0.5 eV, as th
instrumental resolution.

In a calculation of the electric dipole transition matr
element in the excitation process, we took into account
enhancement effect using a model proposed by Matsuy
et al. in the MCD of x-ray-absorption spectroscopy.11We
took the directions of the incoming and outgoing x rays a
the magnetic field in a way consistent with the experimen
condition. The electronic configuration, apart from the co
duction electrons, of the final state is 3d94 f 5 for the electric
dipole excitation and 3d94 f 6 for the electric quadrupole on
in Sm31. We took into account the atomic multiplet effe
due to the 3d spin-orbit coupling and the Coulomb and e
09443
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FIG. 3. Measured RXES~solid lines! and MCD spectra~open
circles! for Sm L3M4,5 ( le f t) and SmL2M4 (right). Labelsa– j
are consistent with those in Fig. 1. MCDRXES spectra were n
malized byPccosu.
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MAGNETIC CIRCULAR DICHROISM OF RESONANT . . . PHYSICAL REVIEW B67, 094439 ~2003!
change interactions among the 3d core hole and the 4f elec-
trons represented by the Slater integrals.35 The values of the
spin-orbit coupling constants and the Slater integrals
given in Table I. The 4f state in the ground state is in th
Hund’s rule lowest state of thef 5 system (ML55, Ms5
25/2). We assume that the 5d state has a density of state
given by a semi-elliptical shape with a half width ofW
53.5 eV for each orbital and spin state~see Ref. 13!, further,
one electron is occupied in the 5d bands. We also assumed
continuum d band with a constant rectangular density
states to reproduce the fluorescencelike component in
calculated spectra.

Figure 4 represents the calculated spectra of RXES
MCDRXES for SmL3M4,5 andL2M4. The intensity of the
calculated spectra was divided by the normalization fac
used in Fig. 2, then, was renormalized so as to coincide w
the experimental spectrum at the center of the white-
resonance, which isv156721 eV andv157315 eV for
L3M4,5 and theL2M4, respectively. The intensities of th
calculated spectra except ford and i, which are used for the
normalization, are smaller than the experimental ones. H
ever, the overall agreement of the spectral shapes betw
the calculated and experimental values is satisfactory fo
of the calculated spectra. Thus, the calculated spectra
well explained the detailedE2 features for spectraa and b
for L3M4,5 and f andg for L2M4.

The calculated MCDRXES spectra are shown bel
those of RXES in Fig. 4. The normalization of the calculat
MCDRXES spectra is consistent with that of the series
RXES in Fig. 3. The features of all the measured MCDRX
in Fig. 3 are well reproduced by the calculated ones in Fig
Especially, the existence of theE2 parts of the MCD, which
can be observed for the MCDRXES spectra labeleda,
b, f, and g in Fig. 3, could be confirmed by the prese
calculation.

IV. DISCUSSION AND SUMMARY

The present study for SmL3M4,5 andL2M4 was the first
one reported in which theE2 contribution of MCDRXES
was studied for light RE elements. After the previous RX
study by Bartolome´ et al.14, Q1 andQ2 were characterized a
E1 radiative decay followingE2 excitation to the majority
and minority levels of the 4f state, respectively. It has als
been confirmed that theQ1 peak is observed only in light RE
elements because the whole majority level is occupied
heavy RE elements, according to Hund’s rule. Since the
jority spin corresponds to spin down when we take the qu
tum axis along the external magnetic field, we observe
single MCDRXES peak with a negative sign forQ1. Then,
the sign ofQ2 MCDRXES is opposite to that forQ1. These
features forQ1 and Q2 are completely different from the
dispersive spectral shape forE1 MCDRXES. On the other
hand, comparing MCDRXES and MCDXAS, the signs
the preedge peaksa andb in Fig. 1 are consistent with thos
of Q1 andQ2 in Fig. 3, respectively. As in theL3 edge, the
preedge structure of MCDXAS has the same sign as tha
Q1 at the L2 edge in Fig. 3. Judging from Fig. 3~g!, the
positive E1 MCD and the negativeE2 MCD cancel each
09443
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other atg in Fig. 1. Thus, it has also been confirmed that t
result for MCDRXES is favorably consistent with that fo
MCDXAS.

We would like to emphasize the importance of expe
mental observations of MCDXAS, RXES, and especia
MCDRXES in order to detect a weak signal of the 2p-to-4f
E2 excitation. As can be seen at theL3 edge in Fig. 1, the
E2 signal is invisible in conventional XAS, but in MCDXAS
the contribution of theE2 excitation can be observed, as th
structuresa and b, although featureb is a weak shoulder
superposed on theE1 contribution. In the RXES spectrum o
Fig. 3~a!, the E2 contributions fromQ1 and Q2 are also
detected, but the signalQ2 is too weak~and superposed on

TABLE I. Spin-orbit coupling constantsj ~eV! of the corenl
(52p,3d) and 4f orbitals and Slater integralsFk5Fk(nl,4f ),Gk

5Gk(nl,4f ) ~eV! of the nl-4 f and 4f -4 f interactions using a
Hartree-Fock based program~Ref. 35! for the configurations in the
intermediate (nl52p) and final (nl53d) states. The calculations
have been carried out using an 80% reduction of all Slater integ

2p54 f 5 3d94 f 5 2p54 f 6 3d94 f 6

jnl 413.482 10.506 413.529 10.510
j4 f 0.195 0.195 0.180 0.180
F2 15.193 15.317 14.251 14.393
F4 9.590 9.678 8.950 9.049
F6 6.916 6.982 6.441 6.515
F2 1.925 9.631 1.790 9.014
F4 4.495 4.171
G1 0.199 6.878 0.182 6.357
G3 0.128 4.032 0.117 3.724
G5 2.785 2.572

FIG. 4. The calculated RXES~upper! and MCDRXES~downer!
for Sm L3M4,5 ( le f t) and SmL2M4 (right). The dashed lines
correspond to theE2 part of the spectra.~a!–~j! are consistent with
labelsa– j in Fig. 1, respectively.
9-5
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TETSUYA NAKAMURA et al. PHYSICAL REVIEW B 67, 094439 ~2003!
the E1 contribution! to be clearly seen. In order to separa
the Q2 signal from theE1 contribution, MCDRXES mea-
surements play an important role. We find in Fig. 3~a! that
the Q2 signal can be clearly seen as a shoulder structur
the MCDRXES spectrum. It might not be evident which
the peak and shoulder in MCDRXES should be assigne
the Q2 signal, but it is clear from the theoretical calculatio
shown in Fig. 4~a! that theQ2 contribution gives rise to the
shoulder, while theE1 contribution results in the dispersiv
spectral shape. The remarkable point of our result is that
observation of the negative peak and the positive shoulde
MCDRXES for theQ1 andQ2 signals is the direct identifi-
cation of theE2 MCD at the preedge region, and is exac
what we expected to obtain in the present experiment.

It is to be mentioned that the energy separation betw
Q1 and Q2 obtained here~about 4 eV! is smaller than the
corresponding value~about 5 eV! obtained by F. Bartolome´
et al.14. Furthermore, Nakazawaet al.36 recently pointed out,
with an Nd31 system as an example, that the energy sep
tion between two features by theE2 excitation can be some
what different in XAS, MCDXAS and RXES. For instanc
the energy separation betweena andb ~MCDXAS! is deter-
mined mainly by the 4f 24 f interaction, while that between
Q1 and Q2 ~RXES! is determined not only by the 4f 24 f
interaction, but also by the 3d-4 f interaction because of th
creation of a 3d core hole in the final state. A more detaile
discussion on these energy separations in the present sy
will be a problem left for future investigations.

Next, we briefly mention on inconsistency in the RXE
intensity between the experimental and theoretical result
Figs. 3 and 4. As a consequence of the present normaliza
for the calculated RXES intensities, the calculated intensi
seemed to be underestimated compared to the experim
values. This may have come from a self-absorption eff
which is strong on the resonant condition and suppresse
RXES intensity. This explanation is supported by the f
that the underestimation can be well compensated using
intensity ratio between absorption and emission, where em
sion intensity corresponds to the normalization factor use
Fig. 2. Therefore, it is hoped that the coincidence becom
better if the XES intensity without self-absorption effe
could be used to normalize the calculated XES. It should
noticed that the magnitude of the magnetic field applied
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