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The magnetic dichroism in the L, ; emission spectra of Fe, Co, and Ni, following excitation with circularly
polarized x rays, is found to exhibit a dramatic dependence on excitation energy. The observed changes in sign
and intensity of the dichroism spectra are explained by a simple model and are shown to negate the use of x-ray
fluorescence yield detection for quantitative dichroism absorption measurements. Multielectron effects are
found to be minimized by use of monochromatic threshold excitation.

X-ray magnetic circular dichroism (XMCD) spectroscopy
is based on the differential absorption cross section of left
and right circularly polarized x rays in magnetic materials.’
In the past, XMCD studies have typically been carried out by
measuring x-ray absorption (XA) which through core-to-
valence transitions monitors the element-specific, local mag-
netic properties of the unoccupied valence bands. The mea-
sured XA dichroism intensities are directly linked through
sum rules> to the spin- and angular-momentum-dependent
hole population of the valence shell in the ground state, i.e.,
to the local spin and orbital moments. Besides element-
specific moments, it is also of great interest to know the
element-specific energy-dependent spin-distribution in the
valence shell. It has recently been proposed theoretically*
and shown experimentally® that the spin-dependent density
of occupied states can be obtained from a valence-to-core
x-ray emission (XE) spectrum, following the creation of a
spin polarized core hole through absorption of circularly po-
larized x rays. The XE dichroism spectrum is the difference
in emission intensity obtained with opposite relative orienta-
tions of the photon spin (helicity) of the incident x rays and
magnetization direction of the sample.

Here we demonstrate the importance of using energy-
selective excitation for XE dichroism spectroscopy. While
theoretically proposed,® such experiments have been im-
peded by insufficient photon flux. For this reason, the only
previous XE dichroism measurement’ used broad bandpass
(white light) circular polarized x rays for the excitation pro-
cess. Our experiments demonstrate the importance of creat-
ing a well-defined core hole state by using monochromatic
threshold excitation. At higher excitation energies, we ob-
serve strong multielectron and Coster-Kronig satellites which
complicate the interpretation of the XE spectrum. We also
observe a strong excitation energy dependence of the XE
dichroism intensity which is explained in a simple model.
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These results demonstrate that the XE dichroism intensity is
not directly proportional to the XA dichroism signal. This is
a demonstration of the breakdown of an important experi-
mental concept, namely the use of fluorescence detection as a
measure of x-ray absorption.

The experiments were carried out on beam line 8-2 at the
Stanford Synchrotron Radiation Laboratory (SSRL). The
90% circularly polarized x rays from the storage ring® were
monochromatized with a spherical grating monochromator
(1100 //mm grating) to an energy width of ~4 eV. At 50 mA
storage ring current the flux on the sample was about
1X 102 photons/sec. The samples consisted of 400-A-thick
films of Fe, Co, and Ni, protected by a 50-A-thick Cu cap-
ping layer, grown by dc sputtering on a silicon wafer sub-
strate. All films had an in-plane easy axis of magnetization
and saturation fields of <25 Oe. The samples were posi-
tioned in the gap between two solenoids inside a vacuum
chamber. The magnetic field of 28 Oe was parallel to the
incident x rays, which were incident on the sample at a
20° angle from the surface. The field direction was reversed
every 60 sec to minimize artifacts due to current decay or
small storage ring instabilities, and a computer acquired and
added the data for each direction separately. The x-ray emis-
sion spectrometer consisted of an entrance slit, three spheri-
cal diffraction gratings, and a two-dimensional position-
sensitive multichannel detector.” It was oriented with its
optical axis perpendicular to the incident x rays, in a verti-
cally dispersive geometry and was operated with a 1200
//mm grating in second order at a spectral resolution of 3 eV.
Typical count rates were about 20 counts/sec in the L3 emis-
sion peak.

For brevity, we shall mainly discuss the XE spectra of Co
metal below. Results for Ni and Fe will be presented in tabu-
lar form only. X-ray emission spectra were recorded at four
excitation energies, illustrated in Fig. 1(a) for the XA dichro-

16 758 © 1994 The American Physical Society



FEEEN B 1 1.
770 775 780 785 790 795
Emission Energy (eV)

FIG. 1. (a) X-ray absorption dichroism spectrum of a 400-A Co
film, recorded by total electron yield detection, with parallel (filled
circles) and antiparallel (open circles) alignment of photon spin and
sample magnetization directions, respectively. The same energy
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resolution as for the x-ray emission spectra shown in (b) was used.
(b) Co L,3 XE spectra for the same 400-A Co film, excited with
parallel (filled circles) and antiparallel (open circles) alignment of
photon spin and sample magnetization directions, at excitation en-
ergies (A)—(D), indicated in (a). The Co 2p3, and 2p,, binding
energies relative to the Fermi level are indicated as E(L3;) and
E(L,), respectively.

ism spectrum of Co: (A) on the L; resonance, (B) between
the L3 and L, resonances, (C) on the L, resonance, and (D)
above the L, resonance. The corresponding XE spectra of Co
metal for the two alignments of photon spin and magnetiza-
tion direction are shown in Fig. 1(b).

The XE dichroism spectra for Co, i.e. the difference spec-
tra of those shown in Fig. 1(b), are shown in Fig. 2(a). The
dichroism intensity is given in percent of the L5 peak height
in the original spectra. We have also indicated by a vertical
line the Co 2p;3, and 2py;, binding energies E(L;) and
Eg(L,),° corresponding to the L; and L, excitation thresh-
olds. There are three striking effects in the dichroism spectra:
(1) the change of sign of the intensity with excitation energy,
(2) the giant dichroism effect following L, resonance excita-
tion, and (3) the significant dichroism intensity above
Eg(L;), between the L; and L, emission peaks, in cases
B-D.

For the context of the present paper we shall restrict our
discussion to the thin-sample limit, where a direct compari-
son can be made between the dichroism effects measured in
XA and XE. The thin-limit spectra were obtained by use of
energy-dependent correction functions® derived from high-
resolution XMCD absorption spectra of the metals, scaled in
the pre- and post-edge regions to tabulated absorption
coefficients.'” The XA and XE energy scales were aligned by
using literature values for the Fe, Co, and Ni 2p3/, binding
energies’ and the L ; emission energies.'! The dichroism XE
spectra of Co, corrected for the thin limit, are shown in Fig.
2(b).
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FIG. 2. (a) Difference spectra of the XE spectra shown in Fig.
1(b) (antiparallel minus parallel alignments) for cases A-D, from
top to bottom, respectively. (b) Difference spectra corrected for the
thin-sample limit, as discussed in the text. Spectra are vertically
offset for clarity.

The strong energy dependence in the thin limit can be
understood in a simple one-electron rigid-band model, illus-
trated in Fig. 3. For the XA process we assume dipole tran-
sitions for right and left circularly polarized x rays from the
2p; (j=3/2,1/2) core level to the spin-split d band,'? and
describe the XE process by spin-conserving dipole transi-
tions summed over all x-ray polarizations. We denote the
total number of spin-up and spin-down empty d states as
N? and N{ and filled d states as N§ and N/, so that the
magnetic spin moment is given by ug=(N{—N{)usg
=(N’Tr ——N{) Mg . In this model the integrated XA dichroism
intensity, associated with L3 and L, resonance excitation, is
given by'?

AL =A(1—j)[N—N§]x(1—j)us, (1)

where the constant A is proportional to a squared dipole
matrix element, and the factor (1—j) leads to a change in
sign of the XA dichroism intensity at the L5 and L, edges. If
we ignore Coster-Kronig decay, the XE dichroism intensity,
defined as the difference of the XE intensities measured with
right and left circularly polarized excitation, is given by

AI®=B(1-j)[N{N|—-N5NT], )]
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FIG. 3. One-electron model used to explain the XE dichroism
process and intensities. The d band is split into spin-up and spin-
down bands, and the number of empty and filled bands is denoted
as N¢ and N’, respectively. The absorption of right and left circu-
larly polarized x rays by the spin-orbit split 2p shell creates spin-
polarized core holes of opposite spin orientation. These holes are
filled by spin-conserving dipole transitions from the spin-split d
band. We assume that the polarization of the emitted fluorescent x
rays is not analyzed. The arrow marked H, M denotes the direction
of the external magnetic field H and the sample magnetization M.

where the constant B is the product of squared excitation and
deexcitation dipole matrix elements, and N7 is the number of
filled d states on the excited atom in the presence of a core
hole in the 2p shell. In general, the presence of the core hole
will decrease the number of empty and increase the number
of filled d states on the excited atom, similar to the case of a
Z+1 impurity atom in a host of atoms with atomic number
Z. According to the initial- and final-state rules,'>!* the pres-
ence of the core hole influences the x-ray emission intensity
but not the integrated x-ray absorption intensity. For simplic-
ity, we shall neglect the core hole effect in the following
discussion, i.e., we shall assume N/=N/,

The sign of the observed XE dichroism intensity in the
thin limit, shown in Fig. 2(b), is readily explained by Eq. (2).
For resonant excitation at the L3 or L, edges we can rewrite
Eq. (2) as

A% (1= [N =N s [N]-NSJALEA,  (3)

and since N{-N }’ is positive for Co metal,'* the XE and XA
dichroic signals have the same sign. For nonresonant excita-
tion, i.e., above the L or L, resonances, the photoelectron is
excited into states well above the Fermi level and to a good
approximation N{=N7{, such that the XA dichroism inten-
sity is zero [Eq. (1)]. The XE dichroism intensity [Eq. (2)]
takes the form

AL —(1-j)us 4)

and the XE dichroism changes sign. This case also illustrates
the inequivalence of the XA and XE dichroism effects, since
the XE dichroism is finite while the XA dichroism vanishes.

The anomalously large dichroism intensity for resonant
L »-edge excitation, seen in Figs. 1(b) and 2, is explained by
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FIG. 4. (a) XA dichroism spectrum of Co corresponding to the
difference of the spectra in Fig. 1(a). (b) XE dichroism spectra of
Co obtained at the excitation energies A—D indicated in (a).

the presence of spin-orbit effects (orbital moment) in the d
band. In a one electron model appropriate for a d° electronic
configuration,'? the spin-orbit interaction splits the d band
into “less-filled” ds;, and “more-filled” d;, components.
Since pj,e>ds, transitions are dipole forbidden, the
L,-edge XA dichroism intensity is reduced relative to the
L intensity.>® In contrast, the L, XE intensity is enhanced
since the term Nf Nf in Eq. (3) becomes effectively larger.
For L, resonant excitation, the spin-orbit interaction can be
viewed as effectively reducing the available number of
empty states and increasing the available number of filled
states. The spectra in Fig. 2(b) show that for resonant L,
excitation the L3 emission dichroism intensity is also en-
hanced. This can be explained by Coster-Kronig decay. The
fact that the L3 and L, intensities have the same sign indi-
cates spin conservation in the Coster-Kronig process.

Figure 4 shows that the observed XE dichroism intensities
do not quantitatively follow the XA dichroism intensities,
measured at the same excitation energies A-D. Note, for
example, that the XA and XE dichroism intensities for exci-
tation energy B exhibit opposite sign. Also the absolute value
of the XA dichroism intensity for resonant L, excitation (A)
is larger than that for resonant L, excitation (C), while the
reverse is true for the XE intensities.

Similar observations hold for the XA and XE dichroism
effects for Fe and Ni which are summarized in Table I to-
gether with those for Co. In order to directly compare the XA
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TABLE 1. L3, XA and XE dichroism intensity ratios
(Is—1p)/(I4+1p) for Fe, Co, and Ni, where Ip and I, refer to
parallel and antiparallel alignment of photon spin and sample
magnetization directions, respectively. The excitation energies
A-D are identified in Fig. 1(a) for Co, and are defined analo-
gously for Fe and Ni.

Excitation Absorption Emission
energy (eV) intensity intensity
Fe A (709) -0.100 -0.060
B (715) 0.014 0.050
C (722) 0.080 0.082
D (736) 0.012 0.024
Co A (781) -0.148 -0.128
B (788) -0.004 0.012
C (796) 0.121 0.159
D (805) 0.015 0.018
Ni A (855) -0.064 -0.058
B (861) -0.021 -0.009
C (872) 0.038 0.059
D (887) 0.003 0.006

and XE effects we have listed the self-normalized intensity
ratios (I, —1p)/(I4+1p), where the subscripts refer to par-
allel and antiparallel alignment of photon spin and sample
magnetization directions, respectively. Comparison of the in-
tensity ratios listed in Table I clearly demonstrate the in-
equivalence of the absorption and emission intensities. The
most important result is the reversal of the relative dichroism
intensities at the Ly and L, resonance energies (A and C in
Table I). In XA the L; dichroism intensity is larger than the
L, intensity while the reverse holds for XE. This fact is due
to the spin-orbit interaction in the d band, as discussed
above, and it has an important consequence. Since the rela-
tive size of the L; and L, dichroism intensities measured in
XA are quantitatively related to the orbital magnetic moment
of the d shell,? use of fluorescence detection for dichroism
absorption measurements would give incorrect orbital mo-
ments.
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The above results constitute a demonstration of the break-
down of using x-ray fluorescence detection as a quantitative
measure of x-ray absorption. Fluorescence yield detection
has been extensively used for conventional XA spectroscopy
of dilute systems.!® For the study of magnetic materials, it
promised the elimination of magnetic-field problems that
plague electron yield detection studies.'® Since the fluores-
cence deexcitation channel is a minority channel (0.8%), as
compared to the dominant Auger channel (99.2%),!” a sig-
nificant dichroic intensity difference in the XE channel (e.g.,
factor of 2) will result in only a minor dichroic intensity
difference in the majority Auger channel (e.g., 1% change).
Electron yield detection will therefore still be a good mea-
sure of the polarization-dependent x-ray absorption coeffi-
cient.

Figure 2 reveals that, independent of how the data are
treated, there is a significant dichroism intensity above the
L5 threshold at 778.1 eV, except for resonant L5 excitation,
case (A). This intensity arises from multielectron effects, i.e.,
multielectron-excited intermediate states and, at higher ener-
gies, Coster-Kronig decay. For threshold excitation, case A,
there is only enough energy available to excite the core elec-
tron just above the Fermi level, and in this case the XE
spectra have a predominantly one-electron character and are
related to the electronic ground state.

Our studies point the way for future XE dichroism stud-
ies. The availablity of increased circularly polarized photon
flux from insertion devices will allow such experiments to be
performed with highly monochromatic incident radiation, to
minimize multielectron effects, and high spectral resolution
in the emission channel. Such studies promise to reveal the
detailed element-specific, spin-dependent density of states
for complex magnetic materials and buried layers and inter-
faces.
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