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The magnetic-circular-dichroism spectra of the x-ray resonant Raman scattering associated with the Gd
La1 , La2 , andLb2,15 fluorescence lines of the ferrimagnetic Gd-Co compound are presented. The incident
x-ray energy dependence of these spectra clearly shows not only normal resonance effects, but also magnetic
resonance effects between the excited 2p3/2 electron and the 5d valence state, i.e., an enhancement of the
magnetic effects and the appearance of a structure that corresponds to the magnetic effect of the total fluores-
cence yield.@S0163-1829~97!50346-8#

Intense, energy-tunable, highly polarized x rays obtained
by synchrotron radiation have created new possibilities in
studying the electronic and magnetic structures of solids us-
ing inelastic x-ray scattering. A few years ago Maet al. dis-
covered the interference effect of x-ray resonant Raman scat-
tering ~XRRS!,1 and Krisch et al. provided experimental
evidence that we can obtain information about the conduc-
tion states by using XRRS.2 Recent theoretical work also
suggests that the spectra of the low-energy off-resonance of
XRRS, i.e., the Raman component, reflect the joint density
of states of the conduction band and the valence one under
the condition that the total momentum of the electron-hole
pair left at the final state is zero.3 More recently, Krischet al.
reported on the magnetic circular dichroism~MCD! of the
x-ray fluorescence spectroscopy~XFS! data of the GdLa1
andLb2,15 lines of Gd metal,4 and the theoretical calculation
of these spectral shapes was performed using a theoretical
description of spin-polarized 2p-photoemittion and atomic-
multiplet calculations of the 2p3d and 2p4d radiative
decay.5

In this paper we present the full spectra of the MCD of the
x-ray emission spectroscopy~XES!, i.e., the MCD-XFS of
Gd La1 , La2 , andLb2,15 lines and the MCD-XRRS asso-
ciated with these three fluorescence lines of the ferrimagnetic
Gd-Co compound, whose incident photon energies are
around the GdL III absorption edge. The incident x-ray en-
ergy dependence of the XES shows clear resonance effects
between the excited 2p3/2 electron and the 5d valence state
when the incident photon energy is at the exact absorption
edge: the increase and narrowing of the spectral features, and
the existence of an energy shift between the low-energy off-
resonant XRRS and the high-energy off-resonant one. That
of the MCD-XES shows a similarity between the MCD-
XRRS corresponding to the dipolar 2p3/2→5d transition and
the MCD-XFS, and suggests that the spin polarization of the

5d state of Gd is similar to that of the 3d or 4d states.
Moreover, when the incident photon energies are at the exact
absorption edge, the MCD-XRRS clearly exhibits resonance
effects, i.e., the enhancement of the magnetic effects and the
appearance of a new structure corresponding to the magnetic
effect of the total fluorescence yield.

The experiment was performed at the elliptical multipole
wiggler beamline~28B! of the Photon Factory, Institute of
Materials Structure Science.6 This beamline is equipped with
focusing optics using a double-crystal monochromator be-
tween the two bent mirrors, and provides a 2.3 mm horizon-
tal and 0.3 mm vertical focused beam. With a Si~111! mono-
chromator, the flux of the incident beam is estimated to be
;1011 photons/s, and the degree of circular polarization of
this beam is not known in the energy range around the Gd
L III edge, but may not be very different fromPc520.41
measured at 7.7 keV. The sample used in this experiment
was an amorphous Gd-Co sputtered on a polyimide film. The
composition of Gd-Co was 33 at. % Gd and 67 at. % Co,
measured by the inductively coupled plasma method. The
sample film was mounted at the focus point and between the
pole pieces of an electromagnet so that the magnetization of
the sample could be reversed periodically.

The scattered radiation was analyzed at a 55° scattering
angle in the vertical plane by a cylindrically bent Ge~333!
crystal for the energy range around the GdLa fluorescence
lines and at 54° by InSb~444! for Gd Lb. The analyzed
x-rays were detected by a position-sensitive proportional
counter~PSPC! with the charge-division method. The resis-
tive anode of the PSPC was a carbon fiber 7mm in diameter,
and its resistance was 4.2 kV per cm. The entrance window
was made of a 1-mm-thick beryllium plate, and the sensitive
area of the window was 103100 mm2. The distance between
the anode and the entrance window was 10 mm. The pres-
sure of the flow gas (Ar110% CH4) was controlled to be 8
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atm. An efficiency calibration along the anode direction was
made using 5.9 keV MnK x rays from a 55Fe radioactive
source. Both the sample and the detector were arranged on
the center axis of the analyzing crystal cylinder, so that we
could obtain sagital-focused and meridional-energy disper-
sive x rays. The typical counting rate at the GdLa1 fluores-
cence peak was 200 cps, and that of the full energy range
around the GdLa fluorescence lines was on the order of
4000 cps. The total energy resolutions of the present appara-
tus are 1.4 eV around the GdLa fluorescence lines and 1.8
eV around GdLb. Incident x rays have a left-circular polar-
ization with 21 helicity. We define the positive~negative!
direction of a magnetic field when theB vector is directed
parallel~antiparallel! to the x-ray wave vector. The magnetic
effect was defined as subtracting the fluorescent x rays de-
tected on the positive direction from that of the negative one,

and the normalized magnetic effect was defined as dividing
the magnetic effect by the sum.

Figure 1 shows the total fluorescence yield spectrum and
its magnetic effects around the GdL III absorption edge, mea-
sured from the same specimen used in the XES study. The
total fluorescence yield was measured using the normal fluo-
rescence ion chamber. These features are essentially identical
to the XAS and MCD-XAS spectra of the Gd metal and its
compounds.7 The vertical lines in the figure correspond to
the incident photon energies at which the XES measurements
were performed.

The XES spectra around the GdLa fluorescence lines are
shown in Fig. 2~a!. The small irregularities around 6.023
keV are due to the imperfection of the efficiency calibration
of the PSPC. The observed structures in these XES spectra
can be divided into five groups~labeledA, B, C, D, andE
in the figure!; these peak positions are plotted as a function
of the incident photon energy in Fig. 3. As shown in Fig. 3,
the peak energies of peaksA, B, and C, whose incident
photon energies were above 7250 eV, are constant. These
peaks~A, B, andC! correspond to the normal fluorescence
lines:La2 , La1 satellite from multiplet splitting,8 andLa1 ,
respectively. The peak energies of peaksA, B, andC, whose
incident photon energies were below 7250 eV, and peaksD
and E, increased with increasing incident energy. These
peaks correspond to XRRS. PeaksA, B, andC below 7250
eV are associated with the normal fluorescence lines~La2 ,
La1 satellite, andLa1!. Peak D is the high-energy off-
resonant XRRS relevant to theLa1 fluorescence line, which
is an unusual structure in the hard x-ray region. PeakE is
assigned to the multiplet of the 2p54 f n11 quadrupolar
excitation.2 In Fig. 2~a! it is evident that the features of the
XRRS peaks increase and narrow when the incident photon
energies are at the exact absorption edge. These phenomena

FIG. 1. Total fluorescence yield and its magnetic effect of Gd in
Gd-Co around theL III edge of Gd. The vertical lines correspond to
the incident photon energies at which emission spectroscopy mea-
surements were performed.

FIG. 2. ~a! X-ray emission spectra around the GdLa fluorescence from Gd-Co. The incident photon energy at which the spectra were
taken is given in the figure. They are divided into five groups labeled by the corresponding scaling factor.~b! Magnetic effects of the x-ray
emission spectra.~c! Normalized magnetic effects of the x-ray emission spectra.
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are the resonance effects between the excited 2p3/2 electron
and the 5d valence state of Gd.9 Although peaksC below
7250 eV andD are the XRRS associated with the same
fluorescence line, these two linear dependences of the peak
position show a discontinuity at the GdL III absorption edge,
whose shift value is about 1 eV for the incident photon en-
ergy, as shown in Fig. 3. This energy shift is additional evi-
dence of the resonance effect.10

Figure 2~b! exhibits magnetic effects of the XES spectra
in Fig. 2~a!. The magnetic effects of the normal fluorescence
lines, whose incident photon energies were above 7254 eV,
show many of the same features as those of the Gd metal,4

and a clearer separation between the diagonal lines and these
satellites. The shapes of the magnetic effects of XRRS asso-
ciated with the normal fluorescence lines, whose incident
photon energies were below 7240 eV, are almost the same as
those of the normal fluorescence lines above 7254 eV. This
result suggests that the spin polarization of the 5d state of

Gd is similar to that of the 3d states. The magnetic effects of
peak E are always negative, which is consistent with the
spin-down character of the empty 4f states, as pointed out
before.4 To compare the magnitude of the magnetic effects,
the normalized magnetic effects of the XES spectra are
shown in Fig. 2~c!. From this figure it is evident that an
enhancement of the normalized magnetic effects occurs in
the narrow energy region of the incident x rays between
7242 and 7252 eV. The maximum value of the normalized
magnetic effect increases from 40% to 90% when corrected
for the geometrical factor of the incident photons and the
magnetic field direction, and the incoming photon polariza-
tion. Moreover, the shape change for the easiest example the
positive growth at the low-energy side of peakC was found
in the same energy region of the incident x rays. This new
structure corresponds to a positive magnetic effect of the
total fluorescence yield, as can be seen in the bottom curve
of Fig. 1. Because the energy region of incident x rays agrees
almost with the exact absorption edge in which the resonance
effects in the normal XRRS are found, as mentioned above,
these magnetic features can be assigned to the magnetic reso-
nance effects between the excited 2p3/2 electron and the 5d
valence state. These magnetic resonance effects should re-
flect changes in spin-orbit couplings and the Slater integrals
of the final-state configurations.5

The XES spectra, the corresponding magnetic effects, and
the normalized magnetic effects around the GdLb2,15 fluo-
rescence line are shown in Figs. 4~a!, 4~b!, and 4~c!, respec-
tively. There are clearly two groups, which are labeledF and
G in Fig. 4~a!. PeaksF and G correspond to the normal
fluorescence lines,Lb2,15 satellite from multiplet splitting
and Lb2,15, respectively, and the XRRS associated with
these two fluorescence lines. Almost the same feature can be
seen with peaksB and C in Fig. 2, except for the energy
separation between the diagonal line and its satellite from
multiplet splitting. From Fig. 4 we conclude that the spin
polarization of the 5d state of Gd is similar to that of 4d
states, and that the enhancement of the magnetic effects also
occurs at the exact absorption edge. The maximum value of
the normalized magnetic effect goes up to 50% with a cor-
rection.

FIG. 3. Incident photon-energy dependence of the emission
peak energy of the five groups~A, B, C, D, andE! indicated in
Fig. 2~a!.

FIG. 4. ~a! X-ray emission spectra around GdLb fluorescence from Gd-Co. The incident photon energy at which the spectra are taken
is given in the figure.~b! Magnetic effects of the x-ray emission spectra.~c! Normalized magnetic effects of the x-ray emission spectra.
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In summary, we have found magnetic resonance effects
between the excited electron and the valence state in MCD-
XRRS. The appearance of the new magnetic structure around
the absorption edge, which was expected from MCD-XAS,
has been confirmed. Although more than double enhance-
ment, the magnetic effects show clear evidence of magnetic
resonance, the origin of this behavior is still not well under-
stood. Because MCD-XRRS shows extremely large mag-
netic signals and enhancement at the exact absorption edge,
it may be possible to observe magnetic signals even from
paramagnetic materials whose magnetic susceptibilities are

very small. Using the interference effects of MCD-XRRS, it
is possible to obtain information on magnetic band struc-
tures.
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