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We discuss the information given by dichroism measurements in soft-x-ray resonant scattering from mag-
nelic systers with particular reference to experimental results on disordered Fe,Co, ~¢ alloys (x=0.05-0.9).
We show how to recover the scattering cross sections from the raw data and we introduce the smission
dichroism correlating with the difference between occupied valence states with opposite spin. We obtain direct
evidence of the filling of Fe majority states upon dilution and of the dominant Fe minority states at £, {bec
structure); this is even-more evident in Co due to the greater d-state occupation, The potential and limitations

of this spectroscopic technique are illustrated. [S0163-1829(97)51622-5]

The study of electronic states of magnetic systems with
circularly polarized x-rays is a new field whose importance is
rapidly increasing due to the use of modern synchrotrons.
Such studies give electronic and magnetic information of
broad interest which often cannot be cbtained using other
methods, since core spectroscopies are sensitive to the nature
of the atomic site and to the chemical species. The major roke
has been played so far by magnetic circular dichroism in
core-level absorption’ connecting the core levels to the
empty states and giving information on the magnitude of the
spin and orbital moments by means of sum rules.” In particu-
lar soft x-rays are important since they give direct access to
the magnetic empty states through dipole selection rules
[e.z., at the L edges of 34 transition mesals {TM’s)]. On the
other hand the emission mode (dichroism in x-ray emission)
connecting occupied states to a core hole has potentially a
broad impact in occupied-state spectroscopy of magnetic svs-
tems introducing sensitivity to the site and to the chemical
species. The emission mode. due to its bulk sensitivity and 1o
the possibility of working with insulators, potentially can
address problems not accessible by other methods, such as
spin resolved valence photoemission. These very general
perspectives motivated the efforts along this direction. The
first work’ suggested theoretically that one should have a
direct insight into the occupied spin resolved electronic
states when a magnetic system is excited in a dichroic mode
and the energy distribution of the emitted x-rays is measured
by integrating over the polarization degrees of freedom of
the emitted rays. This is noteworthy since, in the emission
mode, the experiment strictly equivalent to the absorption
dichroism and giving information on the occupied states im-
plies the measurement of the polarization of the emitted ra-
diation. The theoretical results of Ref. 3 on Fe show that the
dichroism in emission basically mimics the energy distribu-
tion of the difference between the spin populations (hereatter
referred to as **spin unbalance™ ). The first experimental evi-
dence was given by the measurements on Fe excited with
white beam.” The first measurement with resonant excitation
al the L edges of 3d TM's are given in Refs. 5 and 6. The
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pioneering results of Refs. 5-7 demonstrate the feasibility of
the experiments. However, much work remains to be done
on the connection between the measurements and the prop-
erties of the magnetic materials. In particular the potential of
this technique and the limits of its applicability still remain
to be discussed. In the present paper we connect the mea-
sured spectra with the dichroic inelastic scattering cross set-
tions and we discuss their dependence on the experimental
parameters showing how to recover information on the oc-
cupied-states. Moreover we' show that “this spectroscopic
technique is particularly useful in dilute systems. As a spe-
cific case we present data on disordered Fe-Co alloys show-
ing a promising qualitative correlation between the emission
dichroism and the difference in the spin resolved local den-
sity of occupied states. In particular we give the direct spec-
troscopic evidence of the band filling of Fe upon alloying.
The measurements were made at ESRF-BL26 (5001600
¢V range) using a helical undulator. The scattered light was
analyzed with a grating spectrograph allowing paraile! acqui-
sition in a 40 eV energy interval. The spectrograph was
matched to the exit slit of the beamline monochromator with
a Kirkpatrick-Baez refocusing optics. We chose =1.2 eV
linewidth to analyze the scattered photons having energy
(41vey) and an =2.5 eV bandpass in the beam used in exci-
tation {energy Av;,) centered at the absorption prak so that
the counting rate integraied over the whole spectrum was
above 3 counts/sec in the worst case; the background is be-
low 10% of this value. The circular polarization is
0.8=0.04.7 The spectra were measured by alternating every 5
min the magnetization while keeping the incident polariza-
tion constant; during the measurements the feld (=2500 G}
was kept on. Every two hours the phase of the undulator was
changed and the spectra were measured with the opposite
light polarization so that the channels were interchanged. No
offset in the dichroism baseline was found so the measure-
ments are free of instrumental asymmetries. The sampies
were magnetized along the surface and the light was incident
207 from the surface, with emission normal to the surface. In
the same setup the absorption dichroism was obtained from
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the sample drain current. To avoid artifacts due to magnetic
stray flelds a high-voltage extracting electrode faces the
sumple (field =2 kV/em). Absorpiion dichroism was mea-
sured at various magnetizing fieids showing that in the scat-
tering measurements the samples are at saturation within
[-2%. The Fe-Co samples {600 A thick) were prepared ex
situ by co-evaporation onto Si substrates and capped with 20
A Au. The Fe samples were prepared in the same way. The
20% Fe and 5% Fe samples are bce and fec, respectively, as
determined by x-ray diffraction.

We define the measured dichroism as (It —1I17) with the
normalization (g, +1- )/2=100 where {(h Vig Vo) is
the intensity of the measured spectra and we define the scat-
tering dichroism as (o*—¢~) with the normalization
(O pax T Tma)/2=100) where o is the inelastic scattering
cross section of the transition from the ground state to a final
state with a valence d hole. It is important tp realize that in
general the measured dichroism cannot be interpreted di-
rectly as a scattering dichroism as one might think naively.
For a given sample each measurement gives a different mea-
sured dichroism depending on experimental conditions such
as dilution and sample thickness while the scattering dichro-
ism, being an intrinsic property of the material (given a scat-
tering angle), must always be the same. This is easily under-
stood in a model in which self-absorption is neglected. By
considering an elemental sample the intensity / of the scat-
tered radiation normalized to- the incident one is given by

I= jo’mma expl —saj,lds =[o/a {1 —exp{ — S max@inl }s
(1)

where o is the inelastic scattering cross section. s is the
coordinate along the absorption path, ay, is the total absorp-
tion coefficient at the energy A vy, and s, =Z/sing (8 is the
incidence angle with respect to the surface and Z is the
sample thickness). With thick samples (s,,,—) one mea-
sures [/ a;,] while with thin samples the development of
the exponential gives / proportional to ¢. Formula (1) leads
to a very strong thickness dependence of the measured di-
chroism, since a, is dichroic in itself.® Only for thin samples
does one measure theinelastic scattering dichroism (ot
—o 7). In a dilute system a;, is basically independent of the
polarization since it is dominated by the nonresonant absorp-
tion by the majority species; thus the measured dichroism of
a minority species at high thickness is due to ¢ in contrast to
concentrated systems. Hence, the connection between the
scattering dichroism and the measured dichroism is strongly
dependent on the dilution and thickness. The self-absorption
of the emitted photons exiting from the sample is not di-
chroic due to the emission normal to the magnetization and
this is the reason for choosing this geometry. This simplifies
considerably the treatment of self-absorption which will be
discussed in detail elsewhere.” In what follows we recover
the cross sections by considering also self-absorption. The
whole procedure requires the knowledge of the absorption
coefficients and of the absorption dichroism. It is important
to measure the absorption dichroism with the same setup as
in the scattering thus reducing systematic errors and making
the knowledge of the absolute circular polarization rate less
critical. Our measurements of absorption dichroism are in
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complete agreement with the results of Chen ef o/.'" In order
to keep the correction to the data below 15%. formula (|}
shows that in elemental Fe the sample must be thinner than
=50 A with an absorption of about 25% of the light in our
geometry. In an alloy a resonant absorption of this order by
one component ensures that the recovery of the scattering
cross sections is not subject to heavy data handling. Outside
these conditions the use of circular dichroism in sofi-x-ray
scattering, with resonant excitation. becomes more difficult
and in many cases probably impossible.

Having clarified the above points it is interesting to apply
the method to the Fe-Co alloys. We have studied a variety of
compositions covering most of the important cases in Fe-Co
magnetism. Although we emphasize mostly the minority
component, we also present information on the majority
component in spite of the rather heavy data handling. In this
case the use of data on the majority component is justified by
the availability of very accurate absorption dichroism results
to be used in formula (1). The measured spectra and the
measured dichroism of Fe in Fe-Co alloys with Fe-L; exci-
tation are summarized in Fig. 1{A}, while Fig. 1{B) gives the
scattering cross sections corresponding to 100% polarization.
The correspording L; absorption dichroism is given in Fig.
2(A) [with the normalization (e, + e, )/2= 100] and can
be compared with the scattering cross sections. As expecred
the data treatment has a large effect in the concentrated sys-
tems and little. effect at extreme dilution -where most of the
correction is trivial and comes from the polarization of the
incident beam.

The main goal of the present paper is to investigate how
far these scantering results can be used to understand the
occupied states involved in the deexcitation transition of the
intermediate core hole state in the $pirit of the initiai theo-
retical suggestion of Ref. 4. To this end we can take advan-
tage of the positionai disorder of the samples. When k is a
good quantum number the cross section in general cannot be
factorized into an absorption coefficient and a fluorescence
yield (i.e.. c=a¥) due to the restrictions coming from k
conservation as shown in Ref 11. Here the factorization
should be possible since k is not a good guantum number
due to the random occupation of the lattice sites by Co and
Fe. On the other hand. another obstacle to the factorization
could be due to multiplet effects in the intermediate excited
states giving rise to different scattering spectra at different
hvy,. We have clarified this point in a separate experiment
on Co-L; and we have demonstrated that multiplet effects
are not important in measurements with the present bandpass
of the incident beam because the scattering cross sections do
not depend on hv;,. Thus we factorize the cross section [ie.
o=a(hv,)Y(hv,,)] and we define the ‘‘emission dichro-
ism” (¥*—¥7) [with the normalization (¥, +¥ . )/2
=100]. By definition the emission dichroism gives a value
referring to the same number of core holes in the two polar-
ization cases removing the effect of the absorption channel in
the cross section. The meaning of this definition is very deli-
cate. According to the cross section concept and to the theory
of Ref. 3 the sensitivity of the emission dichroism to the
occupied states comes from the decay rate e(4 Vou) of the
intermediate core hole which reflects the number of final
states available 1o the transition. Thus a measurement inte-
grated over the polartzation degrees of freedom of the scat-
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tered beam and aiming to emphasize the occupied-state prop-
etties must give information on the decay rate and not on the
total number of intermediate core hole states. In fact this last
case would be a measurement of the absorption dichroism, In
a hypothetical system having only the radiative decay chan-
nel from the valence band to the intermediate-state core hole
the measured $pectra infcgrated over all angles would give
necessarily the total number of intermediate holes so that by
definition [Yd(hv,,)=! generating an emission dichroism
with the constraint of zero average. This would give a severe
deformation of the emission dichroism with respect to the
spin unbalance, ie., with respect to the desired result and
would certainly limit the usefulness of the emission measure-
ments. However, in reality the situation is more favorable
since other decay channels are also present. In this case the
emission dichroism becomes proportional to the ratio
[e/(A+B)} where e has the polarization dependence we are
looking for, A is the Auger decay rate with valence electrons,
and & is the rate of all other inner-shell processes leading to
core hole annihilation. The Auger rate A is also polarization-
dependent while B is not, since it describes decay of closed
shells integrated over all angles and polarization degrees of
freedom. Thus the measurements of emission dichroism have
the desired property (the proportionality to ¢) and no longer
have the constraint of zero average. Nevertheless i cormrec-
tion is present due o the polarization dependence of A. In
general this distortion can be a serious limitation mainly if
A® B and this general problem will be addressed elsewhere.
In the present case the situation is much more favorable since
the distortion-is limited, A being about 30% of the denomi-
nator (A+5B) as demonstrated in Ref. 12. Thus we expect
that the major features of .the occupied spin unbalance are
still present in the results. On top of that the results can be
modified by angular effects caused by the symmeiry break-
ing due to the detection of the scartered photons at an angle.
We show below on 2 pure experimental basis that the Fe-Co
results can be interpreted qualitatively without discussing
these angular effects. However. a theoretical work on the
angular effects would be very useful in this connection,

In Fig. [ we see that the scattering dichroism is smaller
than the absorption dichroism so that the emission process
has in some sense a countereffect with respect to the absorp-
tion. This behavior is understandable since the empty va-
lence states are dominated by the minority spin and the cc-
cupied states by the majority one. In Fig. 2{B) we give the Fe
emission dichroism obtained by factorizing the spectra of
Fig. 1 as explained above. The corresponding Co results are
given in Fig. 2(C). When Fe is a minority component in the
bee Fe-Co alloys, the calculations® show a filling of the
majority Fe spin states so that the Fermi-level region is prin-
cipally of minority spin. This filling should give rise to the
change of sign in Fe emission dichroism near £y in
FesCogp. The effect is clearly observed [Fig. 2(B)]. Since
there are no majority states at low binding energies. any
deformation with respect to the spin unbaiance will only
change the amplitude of the emission dichroism near E,
Consequently the inversion will still be seen. Cobalt, having
tormally one more electron, should show a similar inversion
over a broader range of compositions as in the calculations;'?
in fact the inversion is seen in the Co emission dichroism
both for FewyCogy and for FegyCo.p. The more dilute
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FIG. 1. (A) Measured spectra of scattered phatons with L, ex-
citation and measured dichroism (thin line) from Fe-Co with differ-
ent compositions. (B) The scattering cross sections and the scatrer-
ing dichroism (heavy lines with 100% incident polarization and thin
line without polarization correction).

FesCoqs is fce and no sign inversion of Fe dichroism is seen
in the Fermi-level region where the dichreism is zero within
the errors in a =1.5 eV wide region. Although we know of
no published calculations of spin resolved partial density of
states in this structure, the result is not unreasonable. In the
fee and in the hep structures, the inversion region with for-
mally eight electrons is expected to be seen in a 1-1.5 eV
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FIG. 2. {A) Fe-L, absorption dichroism with 100% incident
polartzation. {B) Fe-L; emission dichroism in Fe-Co with different
compositions (C) Co emission dichroism in the same systems. The
error bars ure given at selected points for readability.
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wide region so that it is not surprising that this effect is
Jratically reduced in Fe which locally has less d charge.
although the dilution in Co can increase it with respect 1o
clemental Fe.™¥ In FegyCoyq the disorder induced by Co re-
Lixes the k-selection rule effects so that the Fe emission di-
chruism is expected to correlate with the scauering dichro-
it from elemental Fe measured with white beam excitation.
... in conditions in which the k-selection rule is not impor-
tant: this ts the case and is shown in particular by the dip at
wid-spectrum. Note that a similar feature has been attributed
in the model calculations of Ref. 3 1o the spin unbalance vs
cnergy. Moreover the trend of the emission dichroism is in
qualitative agreement with the composition dependence of
the magnetic moments and in particular with the increase of
the Fe magnetic moment upon dilution in the bee structure
and with the smaller magnetic moment for Co.'?

In summary we have discussed the perspectives and limi-
Lations of dichroism measurementsfin resonant soft-x-ray in-

" h

elastic scattering and we have shown that this approach is
particularly convenient in the study of dilute systerns. We
have presented a promising correlation between the emission
dichroism and the unbalance of the spin resolved occupied
electronic states of magnetic materials on the basis of mea-
surements on disordered Fe-Co alloys. Dichroism in resonant
soft-x-ray inelastic scattering is sensitive to the bulk. to the
nature of the site and to the chemical species and can also be
easily applied to insulators.

Invaluable discussions with B. Johansson, J. Nordgren,
L.-C. Duda. and C. Hague are acknowledged. The authars
wish to thank M. Drescher and U. Heinzmann for polariza-
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deila Materia).
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Other results not included in the above pubblication

Besides the result given above there is another important
piece of information which complements the discussion
of the dilution effects in dichroism measurements in soft
X-ray emission spectroscopy with resonan{ excitation.
The formula given above shows also that the measured
dichroism must depend on the thickness of an elemental
sample, being ali other parameters constant. In fact at
low thickness the system is dilute and at high thickness it
is concentrated. This clarifies that the method is not
appropriate to concentrated samples since the data
handling is too heavy, unless one works with very thin
semitransparent samples. This idea has been verified
with the measurements vs. thickness on magnelic Fe as
shown here {panel A and paper in preparation). Very
different raw data are obtained vs. thickness from the
same material and this is a problem in the use of this
approach. The accuracy of the data handling is shown by
the fact that the cross sections one obtains (panel B) are
always the same being an intrinsic property of the
sample. This result defines clearly the applicability range
of this resonant spectroscopy and it is not given to
suggest an application to concenirated samples but to
show the internal consistency of the argument.
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the sample drain current. To avoid artifacts due to magnetic
stray flelds a high-voltage extracting electrode faces the
sumple (field =2 kV/em). Absorpiion dichroism was mea-
sured at various magnetizing fieids showing that in the scat-
tering measurements the samples are at saturation within
[-2%. The Fe-Co samples {600 A thick) were prepared ex
situ by co-evaporation onto Si substrates and capped with 20
A Au. The Fe samples were prepared in the same way. The
20% Fe and 5% Fe samples are bce and fec, respectively, as
determined by x-ray diffraction.

We define the measured dichroism as (It —1I17) with the
normalization (g, +1- )/2=100 where {(h Vig Vo) is
the intensity of the measured spectra and we define the scat-
tering dichroism as (o*—¢~) with the normalization
(O pax T Tma)/2=100) where o is the inelastic scattering
cross section of the transition from the ground state to a final
state with a valence d hole. It is important tp realize that in
general the measured dichroism cannot be interpreted di-
rectly as a scattering dichroism as one might think naively.
For a given sample each measurement gives a different mea-
sured dichroism depending on experimental conditions such
as dilution and sample thickness while the scattering dichro-
ism, being an intrinsic property of the material (given a scat-
tering angle), must always be the same. This is easily under-
stood in a model in which self-absorption is neglected. By
considering an elemental sample the intensity / of the scat-
tered radiation normalized to- the incident one is given by

I= jo’mma expl —saj,lds =[o/a {1 —exp{ — S max@inl }s
(1)

where o is the inelastic scattering cross section. s is the
coordinate along the absorption path, ay, is the total absorp-
tion coefficient at the energy A vy, and s, =Z/sing (8 is the
incidence angle with respect to the surface and Z is the
sample thickness). With thick samples (s,,,—) one mea-
sures [/ a;,] while with thin samples the development of
the exponential gives / proportional to ¢. Formula (1) leads
to a very strong thickness dependence of the measured di-
chroism, since a, is dichroic in itself.® Only for thin samples
does one measure theinelastic scattering dichroism (ot
—o 7). In a dilute system a;, is basically independent of the
polarization since it is dominated by the nonresonant absorp-
tion by the majority species; thus the measured dichroism of
a minority species at high thickness is due to ¢ in contrast to
concentrated systems. Hence, the connection between the
scattering dichroism and the measured dichroism is strongly
dependent on the dilution and thickness. The self-absorption
of the emitted photons exiting from the sample is not di-
chroic due to the emission normal to the magnetization and
this is the reason for choosing this geometry. This simplifies
considerably the treatment of self-absorption which will be
discussed in detail elsewhere.” In what follows we recover
the cross sections by considering also self-absorption. The
whole procedure requires the knowledge of the absorption
coefficients and of the absorption dichroism. It is important
to measure the absorption dichroism with the same setup as
in the scattering thus reducing systematic errors and making
the knowledge of the absolute circular polarization rate less
critical. Our measurements of absorption dichroism are in
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complete agreement with the results of Chen ef o/.'" In order
to keep the correction to the data below 15%. formula (|}
shows that in elemental Fe the sample must be thinner than
=50 A with an absorption of about 25% of the light in our
geometry. In an alloy a resonant absorption of this order by
one component ensures that the recovery of the scattering
cross sections is not subject to heavy data handling. Outside
these conditions the use of circular dichroism in sofi-x-ray
scattering, with resonant excitation. becomes more difficult
and in many cases probably impossible.

Having clarified the above points it is interesting to apply
the method to the Fe-Co alloys. We have studied a variety of
compositions covering most of the important cases in Fe-Co
magnetism. Although we emphasize mostly the minority
component, we also present information on the majority
component in spite of the rather heavy data handling. In this
case the use of data on the majority component is justified by
the availability of very accurate absorption dichroism results
to be used in formula (1). The measured spectra and the
measured dichroism of Fe in Fe-Co alloys with Fe-L; exci-
tation are summarized in Fig. 1{A}, while Fig. 1{B) gives the
scattering cross sections corresponding to 100% polarization.
The correspording L; absorption dichroism is given in Fig.
2(A) [with the normalization (e, + e, )/2= 100] and can
be compared with the scattering cross sections. As expecred
the data treatment has a large effect in the concentrated sys-
tems and little. effect at extreme dilution -where most of the
correction is trivial and comes from the polarization of the
incident beam.

The main goal of the present paper is to investigate how
far these scantering results can be used to understand the
occupied states involved in the deexcitation transition of the
intermediate core hole state in the $pirit of the initiai theo-
retical suggestion of Ref. 4. To this end we can take advan-
tage of the positionai disorder of the samples. When k is a
good quantum number the cross section in general cannot be
factorized into an absorption coefficient and a fluorescence
yield (i.e.. c=a¥) due to the restrictions coming from k
conservation as shown in Ref 11. Here the factorization
should be possible since k is not a good guantum number
due to the random occupation of the lattice sites by Co and
Fe. On the other hand. another obstacle to the factorization
could be due to multiplet effects in the intermediate excited
states giving rise to different scattering spectra at different
hvy,. We have clarified this point in a separate experiment
on Co-L; and we have demonstrated that multiplet effects
are not important in measurements with the present bandpass
of the incident beam because the scattering cross sections do
not depend on hv;,. Thus we factorize the cross section [ie.
o=a(hv,)Y(hv,,)] and we define the ‘‘emission dichro-
ism” (¥*—¥7) [with the normalization (¥, +¥ . )/2
=100]. By definition the emission dichroism gives a value
referring to the same number of core holes in the two polar-
ization cases removing the effect of the absorption channel in
the cross section. The meaning of this definition is very deli-
cate. According to the cross section concept and to the theory
of Ref. 3 the sensitivity of the emission dichroism to the
occupied states comes from the decay rate e(4 Vou) of the
intermediate core hole which reflects the number of final
states available 1o the transition. Thus a measurement inte-
grated over the polartzation degrees of freedom of the scat-



