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The magnetic circular dichroisiftMCD) of resonant x-ray emission spectroscdRXES) was studied for
the SmL3;M 4 s andL,M, optical processes in a ferromagnetic §8v,9 amorphous alloy. The MCD of RXES
(MCDRXES) originating from the optical process ofp23d%4f"—2p53d%4f"*1-2p%3d%f"*1 which
corresponds to dipolar decay after quadrupols2 ) excitation, was obviously observed at the preedge region
in addition to that of the normal dipolaE(l) excitation. Moreover, thE2 contribution of the MCD has been
separated into those fdE2 excitation to the Sm f4 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 froEiltlzend theE2
contributions at both the; and thelL, edges.
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[. INTRODUCTION tween the P core hole and the #electrons.
Some early reports have discussed theependence of
X-ray magnetic circular dichroisnfiMCD) has been de- the MCD intensities, wheré is the angle between the spin
veloped as the powerful probe to investigate ferromagnetivector and the incident x-ray beam. Tledependence is
and ferrimagnetic materials with element and shell selectivgiven as
ity in the last decade. MCD at the rare-eafE) L, 3 edges 6N
; ; T
ha§ been _measured to stgdy the magnetlp bghawor ofdhe 5 MCEl:_(Wll_ W, 1)c0sb, 1)
spins, which play essential roles in the indirect-8f ex- k
change interaction in RE transition-metal systéri$e in-
formation on the ®§ spin state obtained from the MCD go 107N .
: : e ==L (Wao—W,_5)sir?g
should be very precious, because no other experimental ¢ k
means can reflect thedSmagnetism more directly. Despite
this principal benefit, the interpretation of MCD at the RE

L, 3 edges has been debated due to some secondary effeGfghereN is the number of atoms per unit volume,, are the
such as the presence of a quadrupoe transition;*the  matrix elements of the transition, apdE* and u£2 are the
spin dependence of the radial parts of the matrixycp intensities for theE1l and theE2 excitations Equa-
elements"'?and, more recently, 85d band mixing in RE-  tjon (1) means thapE" is proportional to co#, while x2
transition metal SyStemlg.Among them, a confirmation of deviates7 as found from E@), from the proportiona' depen_
the existence of th&2 contribution has been a controversial dence to co#. In an early stage of verifications based on
subject in the MCD studies at the RE ; edges for a long  Eqs.(1) and(2), several experiments’ were tested at room
time. The preedge structure of the MCD spectra could bgemperature and failed to find the existence of B con-
regarded as thE2 transition to the 4 state from the B core  tribution in the MCD spectra because the deviation of the
state, because thef 4evel is pulled down below the@5d  angular dependence &2 MCD from cosf decreases with
absorption edge due to the strong Coulomb interaction bencreasing temperature due to thermal fluctuation. In 1995,

+(Wy1— W, _1)C0S 20]cos0, 2
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Langet al. confirmed the existence of tle2 contribution at  appropriate model, which had already been established in the
the Dy L edge of a Dy¢Thy 4 alloy cooled down to 80 K. previous work for the Gd LzM,s and L,M,
However, the result of a similar study in YbFby Giorgetti ~MCDRXES?02733

et al® seems not to be consistent with a resonant x-ray emis-

sion spectroscopyRXES) study in Yh,Fe ,B by Bartolome Il. EXPERIMENTS

et al*with respect to the energy at whi&®2 MCD appears. . o

The latter study in YbFeconvinced us of the limitation of A ferromagnetic SmCoze amorphous thin film of Zum
confirming the existence of tHE2 MCD experimentally by ~ thickness was prepared by deposition onto a polyimide film
means of x-ray-absorption spectroscapAS) . with rf magnetron sputtering. The surface of the thin film

RXES has remarkably progressed thanks to the develo i_(;s C&%Eg(x\vgh;?}h?%g;é% meT)D( tgriﬁzi\é?:tvsglrglza-
ment of highly brilliant synchrotron x-ray sources. RXES is ) - ) =Xp _ per-
a coherent second-order optical process, and gives more formed at the elliptical multipole wiggler beamline 28B of
tailed information on the solid-state physics than the first—se Photon Factory, Institute of Materials Structure

q h YAGReS. 1 h o cience®* The incident x rays with minus helicity were
order ones, such as XA@Ref. 15 or x-ray photoemission ,,nqchromatized using $L11) reflection, where the esti-

spectroscopy. Since the optical process is identified by thg, iaqg degrees of circular polarizatioR ) were 0.53 and
emission energy in RXES, tHe2 contribution can be sepa- 51 at the SmL, and L, edges, respectively. The MCD
rated fromE1, judging from the energy schem&?° The spectra of XAS in SmCoy at the SmL, ; edge were mea-
signature of thée2 transition is visible in RXES as an inde- syred at room temperature with the transmission geometry
pendent peak originating from optical processesuysing two ion chambers. Instead of switching the helicity of
2p°3d™4f"—2p33d1%f"*1-2p®3d%f"* 1. From this the incident photons, an applied magnetic field of about 0.6 T
point of view, the MCD of RXES(MCDRXES) is just a  was reversed evg# s toobtain the MCD effect. The surface
direct and powerful probe to investigate tB& contribution  of the sample was parallel to the applied magnetic fields, and
of MCDXAS (MCD spectra of XA$ in spite of the weak- was tilted by 45° along the wave vectkrof the incident
ness in the MCDRXES signal intensity. beam. MCD is given ag., (w1) —p_(wq), whereu, (wq)

The MCDRXES of Gd_3M, s was observed in a metallic and u_(w4) correspond to the XAS spectra when the angle
Gd by Krischet al. for the first time?! whereL M, 5 repre- betweerk and the magnetic field is acute and obtuse, respec-
sents the x-ray emission of the decay froi s shells after tively; w; andw, are the energies of the incoming and out-
L3 absorption. The fluorescettsM 45 and L,M, emission ~ 90INg X rays, respectively. _
lines, which were investigated in this work, have been con- 1he geometrical layout of the MCDRXES experiment has

ventionally calledLa; , and L8;. The MCDRXES of the already been introduced in Ref. 30, where the angle between
LsM, s for Gd 22-27145'28 and of theL sM , 5 for La, Sm, and the scattered x rays and the normal of sample surface was set

Gd2°and of theK L, 5 for Co (Ref. 30 have been studied by to 54.7°. The angle between the incident x rays and the

the present authors. A theoretical calculation taking into ac_sample magnetizationg} was chosen to be 36.9° to obtain

: . . . the best compromise between the energy resolution of the
count multiplet interactions well reproduced the experimen-_ ~. = . )
tal MCD spectra for the off t XES of the G emission spectra and the magnitude of the MCD signals. It

P 31 € ofi-resonan of the GeMas  shoyid be noticed that is different from that for the experi-
by de Grootet al”* andL,M,4, L3Mys, L3Nys, LoNy for

) ment of MCDXAS due to a geometrical limitation of the
Nd, Gd, and Dy ions by Jo and TanakaAs same as con- present experimental setup. A magnetic field of 1.1 T was

ventional RXES, MCDRXES s a favorable approach to elu-3ppjied to the sample using a magnetic circuit made of a pair
cidate theE2 contribution in MCDXAS. Actually, theE2  of Nd-Fe-B permanent magnets, and the field direction was
contribution has been observed in MCDRXESLaM,5in switched every 10 s to obtain the MCD effect without chang-
Gd (Refs. 21 and 2Pand Ho(Ref. 2§ when the incident ing the helicity of the incident x rays. Cylindrical bent InSb
x-ray energy is tuned to the preedge region, though they hav@40) and Ge(333) crystals were used to analyze the emitted
not yet been confirmed by theoretical calculations. x rays for the SmL3M, 5 and thel,M 4, respectively. The

In this paper, the MCDRXES for the ShzM,5 and  analyzed x rays were counted by a position-sensitive propor-
L,M, in a Sm;Co,q amorphous alloy is presented along tional counter filled with an Ar+ 10% CH, mixture of 7
with a comparison between the experimental and calculatedtm. The total-energy resolutions of the present apparatus
spectra. The ferromagnetic Sm ion was chosen as the typicalere 1.2 eV and 1.3 eV around SimM, s and theL,M,
and preferable element for a MCDRXES study. The Smfluorescence lines, respectively. MCDRXES was defined as
MCDXAS at thel ; edge shows a complicated feature due tol ; (w,) — 1 _(w5), wherel ;. (w,) andl _(w,) are the inten-
a strong superposition between A& andE2 contributions,  sities of the fluorescence yield. They were measured when
as shown in the following experimental section. The presenthe k of the incident beam was parallel and anti parallel to
study covered both thé; and L, edges, because tHe2 the magnetization of the sample, respectively.
contribution of MCD at thelL, edge, at which the MCD Figure 1 shows XAS spectra and MCDXAS at the Em
intensity is larger than that at the, edge, has been reported and thelL, edges in the SmCo,9 amorphous thin film. The
less so far, also, it is very interesting to investigate the detailintensity of the spectra was corrected by the faggrosé.
by means of RXES. Theoretical calculations were performedhis correction was not exact for tHe2 part of the MCD,
for all of the experimental MCDRXES spectra based on arbut almost true, because the spectra were measured at room
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FIG. 1. XAS spectrdopen circle and MCD
(filled circle) at the Sm_; edge (eft) and thel,
edge (ight) in Smy;Co,q amorphous thin film at
room temperature. The MCDRXES were mea-

(Wun-gJe) uondiosqy
(yun-que) uondiosqy

& g sured at the energies labeled ay-e for the L,
a [a] . . . .
) Qo edge and —j for theL, edge with vertical lines.
= = I i
. 0 =t I
al al I
6700 6710 6720 6730 6740 6750 7290 7300 7310 7320 7330 7340 7350
Incident photon energy (eV) Incident photon energy (eV)

temperature, at which the confirmation of th&2 MCD  fluorescence is dominated for the RXES spectra ahoye
based on Eq2) has not yet been successfully made. Peaks =6721 eV, where the fluorescence originates from the tran-
andb on the MCDXAS spectrum at thie; edge, which have sition into the continuum state above thd band. For Sm
opposite signs and are located in the preedge region, aie,M,, the overallE1 feature, such as the existence of a
attributed to theE2 transition to the majority and minority Raman shift, is consistent with those fiogM 4 5. As in the
spins of the 4 state, respectively. Peaksandd of the E1  case ofL3M, 5, the E2 feature is also observed at 6.8 eV
character correspond to the first inflection point and theabove theE1 emission line in the RXES spectra far,
white line of XAS spectrum, respectively. As at the m  =7302 and 7308 eV.

edge, the energies label&d, andj in MCDXAS at thel, The MCDRXES spectra measured osM, s andL,M 4
edge represent thE2 contribution, the white line and off are shown in Fig. 3. In the MCDRXES spectrum(at in
resonant region of XAS, respectively. The energies labelegig. 3, theE2 MCD features associated wi, andQ, are

a-j in Fig. 1 were chosen as those at which the RXES specebserved with negative and positive signs, respectively. The
tra were measured, where the energy labeleadj can be  signs of peaksQ; for Fig. 3@ and theQ, for 3(b) are
regarded as an off-resonant region. According to a theoreticalonsistent with those of the MCDXAS at the corresponding
investigation by Fukuiet al, the 3d—5d band mixing is ;. For the MCDRXES 0fQ,, the E2 contribution is con-
likely to be reflected at energg and h on the MCDXAS  firmed to be the dominant origin of the corresponding
spectrum®. The magnitude of MCDXAS at the, edge is MCDXAS because theE1 part has a dispersive shape,
about 6-times as large than that of thg edge, which is @ whose integration seems to be almost zero. Eecontri-
typical tendency for MCDXAS of the light RE group. bution of the MCDRXES ofl.3M, is also observed ab,

The RXES spectra of Sin;M 4 5 and thel ;M4 are shown = 5610 eV, which has almost a comparable intensity with
in Fig. 2 as thew, dependence. In the following discussion the E1 part of LsM,. The MCDRXES spectrum becomes
on the overall feature of RXES, the experimental result at theery narrow aiw;= 6717 eV due to the resonance of i
L, edge focuses on the intensgMg feature due to the transition.
inherent weakness of thesM, emission. Thew; depen- For L,M,, the signs of theE1l part of the spectra are
dence of the RXES intensity correctly followed XAS at the inverted with respect to those far;Ms. The magnitude of
L3 and L, edges except for a deviation due to a self-MCDRXES forL,M, is almost similar to that fot. ;M5 in
absorption effectnot shown herk In the RXES spectra for spite of a huge difference of the intensity in MCDXAS,
w;=6704-6712 eV, thd&2 emission lines labele@, are  where MCDXAS can be regarded as approximately the inte-
observed, which can be explained as Efe emission of the  gration of MCDRXES. The large difference in MCDXAS is
3d2p decay after thée2 transition to the # majority level.  attributed to subtle unbalances in the intensity between the
The energy difference ab, between theEl and theQ, is  positive and negative peaks of the MCDRXES spectra. The
about 9.0 eV. Around an incident energy of 6711 eV, theE2 MCD feature can also be seen (i) and(g) of Fig. 3,
Raman shift forQ, appears to be saturated. The shoulderwhich has a negative sign. As in the case of MCDRXES for
structure labeled), can be seen on the RXES spectra forthe L;Ms, the signs forl,M, are consistent with those of
w1=6710-6714 eV, which corresponds to &2 contribu- MCDXAS at the corresponding, in Fig. 1. MCDRXES
tion related to the # minority level. The energy deviation of spectrum is sharpenedat= 7315 eV, which is in the reso-
Q, from the E1 emission line is about 5.0 eV fow;  nance condition of th&1 transition.
=6714 eV. As forE1l, a Raman shift is clearly observed in
the spectra beloww;=6721 eV; small peaks originating Ill. MODEL OF THE CALCULATION AND THE RESULT
from the off-resonant Raman scattering are also visible
above w,;=6728 eV, where the Raman scattering corre- We used a formula of the coherent second-order optical
sponds to the transition into thalState. On the other hand, process for RXES, which is represented by
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where|g), |i), |f) are the ground, intermediate, and final 1o|:

states with energies,, E;, andE;, respectivelyw; andw,

are the energies of the incoming and outgoing x rdysand

T, correspond to the transition operators in the excitation
and the radiative decay processes. We fBkas the electric
dipole transition operatore{r) and the electric quadrupole
one k-r)(e-r), andT, as the electric dipole ones{-r).
L(x,I') is a Lorentzian defined by (x,I')=T/m(x?>+1?),
I';(T5) is the 2 (3d) core hole lifetime broadening of the
L(M) shell, which is set to be 2.0 e¥0.5 eV), and all
calculated spectra are convoluted by the Gaussian functiol
with the half width at the half maximum, 0.5 eV, as the
instrumental resolution.

In a calculation of the electric dipole transition matrix
element in the excitation process, we took into account an
enhancement effect using a model proposed by Matsuyam
etal. in the MCD of x-ray-absorption spectroscopWe
took the directions of the incoming and outgoing x rays and
the magnetic field in a way consistent with the experimental
condition. The electronic configuration, apart from the con-
duction electrons, of the final state isBtf° for the electric

6240
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FIG. 2. Incident x-ray energy dependence of
RXES spectra for SmL;M,s (left) and Sm
L3zM, s (right). The incident photon energies, at
which the spectra were taken, are given in the
figure. Labelsa—j are consistent with those in
Fig. 1. All of the spectra were normalized so that
the peak intensity is 1. RXES spectrum peaks la-
beledQ, and Q, originate from theE2 transi-
tions from 2o to 4f, whereQ,; andQ, are attrib-
uted to the RXES spectra, which originate from
the E2 excitation to the majority and minority of
the Sm 4 spin state, respectiveliRef. 14. The
small peak represented as O.R. originates from
off-resonant Raman scattering.

MCD (%)

(wun'qie) s3x

5600

5620 5640 6180 6200

6220

Emission energy (eV)

FIG. 3. Measured RXE$solid lineg and MCD spectrdopen
dipole excitation and 8°4f° for the electric quadrupole one circles for SmL3M,5 (left) and SmL,M, (right). Labelsa—]

in Sm**. We took into account the atomic multiplet effect are consistent with those in Fig. 1. MCDRXES spectra were nor-
due to the 8 spin-orbit coupling and the Coulomb and ex- malized byP.cosé.
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change interactions among thd 8ore hole and the f4elec- TABLE I. Spin-orbit coupling constantg (eV) of the corenl
trons represented by the Slater integfdlShe values of the (=2p,3d) and & orbitals and Slater integra*=F(nl 4f),G*
spin-orbit coupling constants and the Slater integrals are=G“(nl,4f) (eV) of the nl-4f and 4-4f interactions using a
given in Table I. The 4 state in the ground state is in the Hartree-Fock based prografRef. 35 for the configurations in the
Hund's rule lowest state of th&® system M, =5, M= intermediate (1I_=2p) anql final (il=3d) sta_tes. The calculgtions
—5/2). We assume that thedSstate has a density of states have been carried out using an 80% reduction of all Slater integrals.
given by a semi-elliptical shape with a half width o¥

=3.5 eV for each orbital and spin stgtee Ref. 18 further, 2p°41° 3d°af® 2p°af? 3daf®
one electron is occupied in thelSands. We also assumed a ¢, 413.482 10.506 413.529 10.510
continuumd band with a constant rectangular density of ¢, 0.195 0.195 0.180 0.180
states to reproduce the fluorescencelike component in thez 15.193 15.317 14.251 14.393
calculated spectra. Fé 9.590 9.678 8.950 9.049
Figure 4 represents the calculated spectra of RXES angs 6.916 6.982 6.441 6.515
MCDRXES for SmL3M, s andL,M,. The intensity of the 2 1.925 9.631 1.790 9.014
calculated spectra was divided by the normalization factogs 4.495 4171
used in Fig. 2, then, was renormalized so as to coincide with.; 0.199 6.878 0.182 6.357
the experimental spectrum at the center of the white-ling,s 0128 4.032 0.117 3.724
resonance, which isw;=6721 eV andw,=7315 eV for 5 ’ > '785 ' 2 5'72

L3Mys and theL,M,, respectively. The intensities of the
calculated spectra except fdrandi, which are used for the
normalization, are smaller than the experimental ones. HOWg o, atg in Fig. 1. Thus, it has also been confirmed that the

ever, the overall agreement of the spectral shapes betweeny it for MCDRXES is favorably consistent with that for
the calculated and experimental values is satisfactory for a CDXAS.

of the calculated spectra. Thus, the calculated spectra have We would like to emphasize the importance of experi-

well explained the detaile&2 features for spectraandb | antal observations of MCDXAS. RXES. and especially

for LsMy s andf andg for LM, MCDRXES in order to detect a weak signal of thp-®-4f
The calculated MCDRXES spectra are shown belowg; oy itation. As can be seen at the edge in Fig. 1, the

those of RXES in Fig. 4. The normalization of the calculated 2 signal is invisible in conventional XAS, but in MCDXAS

MCDRXES spectra is consistent with that of the series o he contribution of thé€E2 excitation can be observed, as the

RXES in Fig. 3. The features of all the measured MC.DR.XESstructuresa and b, although featureb is a weak shoulder
in Fig. 3 are well reproduced by the calculated ones in Fig. 4

. ) . s d on thel tribution. In the RXES t f
Especially, the existence of ti&2 parts of the MCD, which Hperposed on contribution. n e spectium o

Fig. 3(@), the E2 contributions fromQ; and Q, are also
can be observed for the MCDRXES spectra labe&d : :
b, f. andg in Fig. 3, could be confirmed by the present detected, but the sign&, is too weak(and superposed on

calculation.

1
|

IV. DISCUSSION AND SUMMARY
10| -2 et
The present study for SinzM 45 andL,M, was the first ) - A S W
one reported in which th&2 contribution of MCDRXES i 1T 1
was studied for light RE elements. After the previous RXES [ J_L [ ]

study by Bartolomet al1*, Q; andQ, were characterized as @ 5 < @ Z%,
E1 radiative decay followindge2 excitation to the majority i

and minority levels of the # state, respectively. It has also
been confirmed that th@, peak is observed only in light RE

CDRXES (%)
L
1
1
1
(snun que) Aususiu| S3XY

elements because the whole majority level is occupied ins - v

heavy RE elements, according to Hund’s rule. Since the ma: /\ [ /L

jority spin corresponds to spin down when we take the quan- (L] S & )

tum axis along the external magnetic field, we observed a 1

single MCDRXES peak with a negative sign Q. Then, [ /\ 1T Z\

the sign ofQ, MCDRXES is opposite to that fa®,. These @ J}V @D __

features forQ, and Q, are completely different from the - 1t

dispersive spectral shape f&r1 MCDRXES. On the other = — S

hand, comparing MCDRXES and MCDXAS, the signs of
the preedge peaksandb in Fig. 1 are consistent with those
of Q; andQ; in Fig. 3, respectively. As in the; edge, the FIG. 4. The calculated RXEGippe) and MCDRXES(downej
preedge structure of MCDXAS has the same sign as that ghr sm LsMys (left) and SmL,M, (right). The dashed lines
Q; at thel, edge in Fig. 3. Judging from Fig.(®, the  correspond to th&2 part of the spectrda)—(j) are consistent with
positive E1 MCD and the negativ&E2 MCD cancel each labelsa—j in Fig. 1, respectively.

Relative Emitted Photon Energy (eV)
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the E1 contribution to be clearly seen. In order to separatethe sample was different between the MCDXAS and
the Q, signal from theE1 contribution, MCDRXES mea- MCDRXES experiments. Applying a magnetic field of 0.6 T
surements play an important role. We find in Figa)3that to the sample, the magnetization reached more than 96% of
the Q, signal can be clearly seen as a shoulder structure ghat by 1.1 T, at which point the magnetization almost satu-
the MCDRXES spectrum. It might not be evident which of rated.. Thqs, the difference in the fielq seems not to generate
the peak and shoulder in MCDRXES should be assigned a&" significant problem for a comparison between them. On
the Q, signal, but it is clear from the theoretical calculation € other hand, one should pay attention to the difference of

P P ; ; 6 between the two experiments. The anglesfef45° and
shown in Fig. 4a) that theQ, contribution gives rise to the 7 * .
shoulder, while thé€e1 contribution results in the dispersive 6=236.9° were used for the MCDXAS and MCDXES ex-

- ; eriments, respectively. In MCDXAY] is associated with
spectral shape. The remarkable point of our result is that th(ﬁ_‘e intensity ratio between tHe2 and theE1 contributions.

observation of the negative peak and the positive shoulder udaing from brevious reports on MCDXAS. however. no

MCDRXES for theQ; andQ,, signals is the direct identifi- gng P P . S ’

cation of theE2 MCD at the preedge region, and is exactly one could observe the obvious difference in the intensity of
X MCDXAS depending ond at room temperature. Although

what we expected to obtain in the present experiment. e have not examined the dependence of the spectral fea-
Itis to be mentioned that the energy separation betwee ures c\)/f MCDX)fAS Iit is naturaFto think that we wFi)II also not

Qi and Q, obtained herdabout 4 eV is smaller than the observe it Therefére it seems to be possible that we replace

corresponding valuéabout 5 eV obtained by F. Bartolome the MCDXAS for = 45° to that ford— 36.9° approximately

et al'* Furthermore, Nakazawet al®® recently pointed out, . ;
with an N+ system as an example, that the energy separa- order to compare the MCDXAS with the MCDRXES

. o measured at=36.9°.
tion between two features by tiE2 excitation can be some- .
what different in XAS, MCDXAS and RXES. For instance, In summary, we have studied MCDRXES for thgM, s

the energy separation betweamndb (MCDXAS) is deter- and thel.,M, optical processes in a S0,y amorphous
mined mainly by the #— 4f interaction, while that between alloy. We succeeded in observing isolated negative and posi-

Q. andQ, (RXES i ceternined notony by tefa-af 1 FERVS 0 HODRIES 1n0s B, v oighte,
interaction, but also by thed34f interaction because of the 45 spin txtl rl tivel T]hi '3: it h ! bl Y m direct
creation of a 8 core hole in the final state. A more detailed Spin state, respectively. S resuit has become a direc

discussion on these energy separations in the present syst (?ﬁm;lf'cat'?n OfEZI .MCD :t the pretlad?]e reg|otrz1. Their f;aa-
will be a problem left for future investigations. ure has aiso explained the speciral s apes o thepart ot
Next, we briefly mention on inconsistency in the RXES MCDXAS very well. We performed a theoretical Calcu_latlon
intensity between the experimental and theoretical results ipased Ogat‘;"”_"”“'g‘ of tze coherent secprr:d-ltl)rdferhoptlcal pro-d
Figs. 3 and 4. As a consequence of the present normalizati $s, and obtained good agreements with all of the measure
for the calculated RXES intensities, the calculated intensitie CDRXES spectra.
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which is strong on the resonant condition and suppresses the The authors would like to thank H. Kobayashi of Shin-
RXES intensity. This explanation is supported by the factEtsu Chemical Co. Ltd. for designing the Nd-Fe-B magnetic
that the underestimation can be well compensated using tharcuit used in the present experiment. They are grateful to Y.
intensity ratio between absorption and emission, where emidA/atanabe, H. Ohsawa, and Dr. M. Mizumaki for their ex-
sion intensity corresponds to the normalization factor used iperimental help. This work was performed with the approval
Fig. 2. Therefore, it is hoped that the coincidence becomesf the Photon Factory Program Advisory Committg&o-
better if the XES intensity without self-absorption effect posal No. 2000G008 and was supported by Grant-in-Aid
could be used to normalize the calculated XES. It should béor Scientific Research from the Japanese Ministry of Edu-
noticed that the magnitude of the magnetic field applied tacation, Science, Sports and Culture.

ACKNOWLEDGMENTS

*Present address: Japan Synchrotron Radiation Research InstituteK. Shimomi, H. Maruyama, K. Kobayashi, A. Koizumi, H.
1-1-1 Kouto, Mikazuki-cho, Sayo-gun, Hyogo 679-5198, Japan. Yamazaki, and T. lwazumi, Jpn. J. Appl. Phys., Sui3d. 314

Electronic address: naka@spring8.or.jp (1993.

"Present address: RIKEN Harima Institute, 1-1-1 Kouto, Mikazuki- ®P. Fischer, G. Schg, S. Scherle, M. Knile, S. Staler, and G.

cho, Sayo-gun, Hyogo 679-5148, Japan. Wiesinger, Solid State Commu82, 857 (1992.

1For example, J.J.M. Franse and R.J. Radskadn Handbook of 7J.C. Lang, X. Wang, B.N. Harmon, A.l. Goldman, K.W. Dennis,
Magnetic Materials edited by K.H.J. BuschowElsevier, New R.W. McCallum, and K.D. Finkelstein, Phys. Rev5B, 13 805
York, 1993, Vol. 7. (1994.

2p. Carra and M. Altarelli, Phys. Rev. Le@i4, 1286(1990. 8J.C. Lang, G. Srajer, C. Detlefs, A.l. Goldman, H. g, X.

3P. Fischer, G. Schm, S. Sthler, and G. Wiesinger, J. Appl. Phys. Wang, B.N. Harmon and R.W. McCallum, Phys. Rev. L&,
69, 6144(1991J). 4935(1995.

4J.C. Lang, S.W. Kycia, X.D. Wang, B.N. Harmon, A.l. Goldman, °C. Giorgetti, E. Dartyge, C. Brouder, F. Baudelet, C. Meyer, S.
D.J. Branagan, R.W. McCallum, and K.D. Finkelstein, Phys. Pizzini, A. Fontaine, and R.M. Gate, Phys. Rev. Let{Z5, 3186
Rev. B46, 5298(1992. (1995.

094439-6



MAGNETIC CIRCULAR DICHROISM OF RESONANT ... PHYSICAL REVIEW B7, 094439 (2003

103, Chaboy, F. Bartolomé..M. Garca, and G. Cibin, Phys. Rev. B 2°T. Nakamura, S. Nanao, T. Iwazumi, K. Kobayashi, S. Kishimoto,

57, R5598(1998. D. Ohsawa, R. Katano, and Y. Isozumi, J. Electron Spectrosc.
H. Matsuyama, |. Harada, and A. Kotani, J. Phys. Soc. 8gn. Relat. Phenom92, 261 (1998.

337(1997. 24T, \wazumi, T. Nakamura, H. Shoji, K. Kobayashi, S. Kishimoto,
12\. van Veenendaal, J.B. Goedkoop, and B.T. Thole, Phys. Rev. R. Katano, Y. Isozumi, and S. Nanao, J. Phys. Chem. Séllds

Lett. 78, 1162(1997). 453 (2000.

25 i i i
13K Fukui, H. Ogasawara, A. Kotani, I. Harada, H. Maruyama, N. 1~ Iwazumi, K. Kobayashi, T. Tominaga, T. Nakamura, S. Nanao,

Kawamura, K. Kobayashi, J. Chaboy, and A. Marcelli, Phys. S Kishimoto, D. Ohsawa, R. Katano, and Y. Isozumi, J. Syn-
Rev. B 64, 104405(2007). s chrotrqn Radiat6, 685 (1999. _ _ )

14F. Bartolome M.H. Krisch, D. Raoux, and J-M. Tonnerre, Phys. K. Fukui, H. Ogasawara, A. Kotani, T. lwazumi, H. Shoji, and T.
Rev. B 60, 13 497(1999. Nakamura, J. Phys. Soc. Jpf0, 1230(2002).

27 . . . .
15K, Hamdainen, C.C. Kao, J.B. Hastings, D.P. Siddons, L.E. Ber- K. Fukui, H. Ogasawara, A. Kotani, T. lwazumi, H. Shoji, and T.

. Nakamura, J. Phys. Soc. Jpf0, 3457 (200)).
man, V. Stojanoff, and S.P. Cramer, Phys. Revi® 14 274 25 Nakamura N.yKawamurFZOT. Iwazumi, H. Maruyama, A.

16 (1992. . Urata, H. Shoji, S. Nanao, S. Kishimoto, R. Katano, and U.
S. Tanaka, K. Okada, and A. Kotani, J. Phys. Soc. 8802780 Isozumi, J. Synchrotron Radid, 428 (2001.
. (1994. _ _— 297, lwazumi, K. Kobayashi, S. Kishimoto, T. Nakamura, S. Nanao,
M.H. Krisch, C:C. Kao, F. Sette, W.A. Caliebe, K. iMdainen, D. Ohsawa, R. Katano, Y. Isozumi, and H. Maruyama, J. Elec-
and J.B. Hastings, Phys. Rev. Letd, 4931(1995. tron Spectrosc. Relat. Pheno8®, 257 (1998.
'8M. van Veenendaal, P. Carra, and B.T. Thole, Phys. ReS4B 30T, Nakamura, H. Shoji, S. Nanao, T. lwazumi, S. Kishimoto, R.
16 010(1996. Katano, and Y. Isozumi, Phys. Rev.@, 5301(2000.
19p.W. Loeffen, R.F. Pettifer, S. Miender, M.A. van Veenendaal, J. 3!F.M.F. de Groot, M. Nakazawa, A. Kotani, M.H. Krisch, and F.
Rohler, and D.S. Silvia, Phys. Rev. B4, 14 877(1996. Sette, Phys. Rev. B6, 7285(1997).

203.J. Gallet, J.M. Mariot, L. Journel, C.F. Hague, A. Rogalev, H.%*T. Jo and A. Tanaka, J. Phys. Soc. Jpi, 1457 (1998.
Ogasawara, A. Kotani, and M. Sacchi, Phys. Re6®14 128 K. Fukui, H. Ogasawara, |. Harada, and A. Kotani, J. Synchrotron

(1999. Radiat.8, 407 (2001).

2IM.H. Krisch, F. Sette, U. Bergmann, C. Masciovecchio, R. Ver- 34T, lwazumi, A. Koyama, and Y. Sakurai, Rev. Sci. Instrue,
beni, J. Goulon, W. Caliebe, and C.C. Kao, Phys. Reb4B 1691 (1995.
R12 673(1996. 35R.D. Cowan,The Theory of Atomic Structure and Specttini-

22T, lwazumi, K. Kobayashi, S. Kishimoto, T. Nakamura, S. Nanao,  versity of California Press, Berkeley, 1981
D. Ohsawa, R. Katano, and Y. Isozumi, Phys. Rev.5 %M. Nakazawa, K. Fukui, H. Ogasawara, A. Kotani, and C.F.
R14 267(1997. Hague, Phys. Rev. B6, 113104(2002.

094439-7



