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Magnetic circular dichroism in resonant x-ray emission from impurities:
Results at theL 2,3 edges of Mn in Ni
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We present a study of Mn magnetic impurities~about 2%! in Ni with resonant x-ray emission spectroscopy
excited at theL2,3 edges of Mn using circularly polarized x rays incident almost parallel/antiparallel to the
magnetization. The results are discussed jointly with absorption magnetic circular dichroism and comple-
mented with elastic reflectivity measurements. Moreover, we show that emission spectroscopy is particularly
suitable to the impurity problem, since the self-absorption/saturation corrections to the measurements are rather
limited. The problem is treated also theoretically with a full multiplet splitting calculation of a single Mn21

(3d5) ion with cubic crystal field. The theory reproduces satisfactorily all experimental trends of the features
dispersing with the incident photon energy in the wholeL3 region, whereas it is not adequate just below theL2

excitation. The joint use of the theory and of the measurements allows us to extract the nondispersive com-
ponent from the measured spectra. It is shown that this component does not correlate directly with the 3d-Mn
local density of states. The general implications of the results are discussed.

DOI: 10.1103/PhysRevB.65.094406 PACS number~s!: 75.25.1z, 75.30.Hx, 78.70.En, 78.70.Ck
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I. INTRODUCTION

During the last decade the magnetic circular dichroi
~MCD! in core absorption and in photoemission has beco
a central issue in the spectroscopy of magnetic systems
the other hand, the study of magnetic systems with x-
emissionspectroscopy has not been exploited much since
initial theoretical suggestion by Strangeet al.1 and the ex-
perimental work of Refs. 2–7. More recent experimen
work has been published by Duda8 and by Yablonskikhet
al.9,10 while theoretical work has been done by Jo a
Parlebas.11 This relatively limited development is due to
variety of difficulties in emission MCD, as is apparent fro
the literature and as will be shown below. In the present w
we address the study of magnetic impurities with reson
emission. This topic is very convenient to emission spectr
copy. In fact, in concentrated samples the penetration d
of the radiation is very much dependent on the photon po
ization. This is due to the strong absorption MCD so that
distortion of the emission spectra due to self-absorpti
saturation is dramatic as shown in Refs. 5 and 7. This is
the case in dilute systems where the majority compon
dominates with its nondichroic absorption. Real experime
on dilute systems based on third generation synchrotron
diation sources approach this limit and the corrections
definitely tolerable as shown here.12

In this field, we have chosen Mn diluted in Ni, which is
prototypical case of magnetic impurity having a high ma
netic moment. Moreover, electronic state calculations for
ground state are available.13

The emission experiments consist in the excitation w
circularly polarized light~photon energyhn in) incident al-
most parallel/antiparallel to the magnetization and withhn in
0163-1829/2002/65~9!/094406~10!/$20.00 65 0944
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tuned at selected convenient values. The emission spec
vs the outgoing photon energyhnout is measured at a conve
nient angle, without measuring the polarization of the em
ted radiation.14 In the present case we use the Mn chan
2p63dn→2p53dn11→2p63dn wheren is the 3d occupation
in the ground state~i.e., we study resonant valence excitatio
via an L hole!. This process results in spectra containing
nondispersive contribution and a component dispersing w
the incident photon energy, which is usually called a Ram
component and typical of resonant Raman scattering~RRS!.
Thus the dispersive component shows the features appe
at constant energy loss corresponding to the excitation
ergy of the sample in the final state. The emission MCD
the difference between the spectra~measured vshnout) with
opposite circular polarizations of the incident light. Due
the polarization of the core hole created in the absorption
emission MCD should be related, accordingly to the init
suggestion by Strangeet al.,1 to the energy distribution of the
spin unbalance of the occupied states. However, the situa
is far more complicated as it is apparent from the literat
~in particular, see Ref. 8! and as we will show here. In the
present work we concentrate on the resonant effects since
excitation well above threshold~possible also with polychro-
matic radiation as in Ref. 2! involves complicated processe
connected with multiple excitations~see Refs. 2 and 8!, so
that the interpretation is very indirect. In the resonant ex
tation we pay particular attention to theL3 case, simpler
because the Coster-Kronig~CK! channel converting theL2
into anL3 hole is in itself dichroic, as shown already in Re
4 and rationalized by Jo and Parlebas.11

In the present work, besides the emission spectra, we h
measured also resonant elastic reflectivity in specular ge
etry and we use the results jointly. In particular the reflect
©2002 The American Physical Society06-1
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F. BORGATTI et al. PHYSICAL REVIEW B 65 094406
ity is used to obtain information on the absorption MC
which is fitted together with the emission with a model bas
on the Kramers-Heisenberg~KH! formula for the calculation
of the cross section.

Besides the relevance of showing that magnetic impuri
are particularly appropriate for the emission experiments,
main points presented here can be anticipated as follow

~i! The importance of the interplay between reflectiv
and emission measurements is pointed out.

~ii ! The relevance of the dispersive component in
emission spectra of Mn impurities is shown. This is in bro
sense analogous to what happens in other Mn compound
pointed out recently by the results of Ref. 8 on t
Ni75Mn10Al15 alloy and of Ref. 9 on NiMnSb and Co2MnSb.

~iii ! The possibility of describing satisfactorily the dispe
sive component with the results of a KH calculation based
an ionic model, a result far from being obvious in a meta
system as the present one.

~iv! The absence of a straightforward correlation betwe
the nondispersive component and the local density ofd
states of Mn. This is important since it is opposite to t
initial suggestion by Strange1 and shows limitations in the
use of emission dichroism to explore the spin unbalance
the occupied states.

The paper is organized as follows. The experimental
theoretical methods are given in Secs. II A and II B. T
results on the resonant emission are given in Sec. III, w
the reflectivity data and the MCD information are given
Sec. IV. The self-absorption/saturation effect and the dil
limit are briefly discussed in Sec. V. The theoretical resu
are summarized in Sec. VI and are compared with the
periment in the discussion given in Sec. VII. The conclusio
are given in Sec. VIII.

II. METHODS

A. Experiment

The measurements were made at the beam line ID
~Ref. 15! of the European Synchrotron Radiation Facil
~ESRF – Grenoble!. The beam line, based on the helic
undulator Helios I,16 delivered circularly polarized radiatio
~80% at the energy of the present experiment!. The measure-
ments were done with a system consisting of a dedica
monochromator17 used to prepare the beam incident onto
sample and of a spectrograph measuring the emis
spectra.18 The magnetizing system is described in Ref. 1
the magnetic field was 0.2 T which was sufficient to a
proach saturation within 5%. The angle between the incid
and the scattered momentum is 110° as shown in the ins
the lower panel of Fig. 1. This angle is chosen to have
emission nearly normal to the magnetization~incidence at
15° from the surface and emission at 5° from the norm!.
This avoids dichroic effects in self-absorption along t
emission path. The incident bandpass was 1 eV and the
ergy bandpass of the analyzing spectrograph was 0.8 eV.
relative signs of the polarization and of the magnetizat
were changed cyclically every 5 min to minimize the effe
of possible drifts. In the reflectivity measurements, t
sample was rotated to have specular reflection and the m
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surements were normalized to the incident flux measu
with the photocurrent from a semitransparent Al film. A
measurements were done at room temperature. The
fluorescence was measured with a photodiode.

The sample was grown in a separate preparation cham
by co-evaporation of Ni and Mn onto polished Si~100! sub-
strates by electron bombardment from independent evap
tors. The base pressure in the evaporation chamber was
low 2310210 mbar and raised in the lower 1029 range
during the evaporation. The deposition rate~monitored with
a quartz microbalance! was sufficiently high that the con
tamination during growth was negligible. The total thickne
of the samples was about 1800 Å. Shutters were availabl
monitor the rate of each single evaporator and to cover
sample, when needed. Great care was taken to check
stability of the system in order to avoid composition inh
mogeneities. The preparation of one sample needed typic

FIG. 1. A selection of measured emission spectra~raw data! of
magnetic Mn impurities in Ni~lower panel! measured vs the out
going photon energyhnout with excitation at selected incident en
ergieshn in . The excitation energies are given by the arrows alo
the Mn total fluorescence curves vshn in given in the upper pane
together with the difference spectrum. The thick and the thin lin
refer to opposite orientation of the incident helicity vector and
the sample magnetization. The geometrical arrangement is give
the sketch in the inset~lower panel!. The energies are measure
conventionally from theL3 peak. The absolute energies are in t
upper panel.
6-2
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MAGNETIC CIRCULAR DICHROISM IN RESONANT . . . PHYSICAL REVIEW B 65 094406
90 min and the rates of Ni and Mn were tested every 15 m
~this required about 30 sec!. Several samples were grown
order to select the best for the experiment. During e
growth, two targets were installed side by side in order
produce two strictly equivalent samples, one for the char
terization and the other for the emission experiment. T
samples were capped with a thin Au overlayer to prev
contamination from the residual gas when stored in vacu

The samples could be extracted from the prepara
chamber with a transfer arm and inserted in the measurem
chamber without going to air. The replica sample was d
mounted and inserted~less than 3 min in air! into an x-ray
photoemission spectroscopy~XPS! scanning Auger system
The composition was verified with core XPS and a quant
tive depth profiling was done in several locations with
Auger system having 2000-Å lateral resolution. The loc
tions of the depth profiles were decided by using the Au
system as a scanning microscope. The Mn concentratio
well below the solubility limit and this ensures a good bu
homogeneity as tested by depth profiling. We have a
found surface segregation of Mn as expected from the va
pressures. Typically in the first five layers~about 10 Å!, Mn
is the majority component. This has negligible effects in o
bulk sensitive emission experiment even when the incide
is at 15° from the surface. The enriched region has typic
a weight of 1% of the emission spectra, even at graz
incidence. On the other hand, Mn segregation prevents
quantitative measurements of the absorption dichroism w
total electron yield, due to its high surface sensitivity. F
nally, XPS Auger analysis did not show any evidence
oxidation.

B. Theoretical method

The calculations have been done in a purely ionic
proximation whose merits and limitations are discussed
Secs. VI and VII. The impurity is described in a single co
figuration all-electron picture, with Mn21 (3d5) in a cubic
crystal field. The contributions to the spectrum dispers
with hn in , i.e., the Raman contributionSdisp(hn in ,hnout), is
calculated as a second-order process using the Kram
Heisenberg~KH! formula with the delta function giving the
total-energy conservation smeared into a Lorentzian.

Sdisp~hn in ,hnout!'(
f
U(

i

^ f uT(e)u i &^ i uT(a)ug&
Eg1hv in2Ei2 iG i

U2

3
G f /p

~Eg1hv in2Ef2hvout!
21G f

2
, ~1!

whereug&, u i &, and u f & are the initial, the intermediate, an
the final states with energiesEg , Ei , andEf , respectively.
In the formula we have omitted the multiplicative consta
and the very slow varying factor (nout/n in). The configura-
tions in the ground and intermediate state are 3d5 and
2p53d6, respectively, and the final configuration is aga
3d5. In the initial state all multiplet terms of 3d5 are consid-
ered and weighted with a Boltzmann factor, so that the c
culation is temperature dependent. The results depend o
09440
n

h
o
c-
e
t
.

n
nt
-

-

-
r
is

o
or

r
e

ly
g
ny
th

f

-
n
-

g

rs-

s

l-
the

ratio TR5(kBT/DEexch) whereDEexch is the exchange split-
ting between two neighboring levels of the magnetic grou
state. HereafterTR will be called ‘‘reduced temperature.
Since no independent experimental determination ofDEexch
is available, we treatTR as a parameter to be determined
the fitting of the experimental results. Of course, a value
TR implies a value ofDEexch since the experiment is done a
a known temperature~300 K!. Thus one has to testa poste-
riori if the value ofDEexch is in a reasonable range. In th
final state all multiplet terms are accounted for. Since
outgoing polarization is not observed, the intensities
summed over the polarizations of the scattered beam.
matrix elements and all the Slater integrals are calculated
the Hartree-Fock method with relativistic corrections.20 As
usual, the integrals are rescaled to take approximately
account the part of the intra-atomic correlation not includ
in the Hartree-Fock treatment. The reduced temperature
rescaling factor and the crystal field were optimized in t
joint fit of the absorption and of the emission spectra. T
reflectivity results were used to calibrate the measured
sorption MCD as explained below~Sec. IV!. As shown in
Sec. VI the best results from the joint fitting of emission a
absorption are obtained withTR51.5, 10Dq50.7 eV, and a
rescaling of theF andG Slater integrals to 75%.

III. EXPERIMENTAL RESULTS ON RESONANT EMISSION

The emission spectra have been measured at selecte
citation energieshn in , spanning from below the Mn-L3
threshold to above theL2 absorption peak. The excitatio
energieshn in labeled from 1 to 12 are indicated in the upp
panel of Fig. 1 giving the total fluorescence yield curves
magnetic Mn impurities measured with the two opposite c
cular polarizations and their difference. It is known fro
Refs. 3 and 4 and in more detail from Ref. 21 that the to
fluorescence yield curves cannot give reliable quantita
information on absorption MCD. Nevertheless, they are u
ful since they mimic roughly the absorption spectra and
easily measured with the diode detector as explained ab
In the figure, the spectra are normalized so that theL3 peak
averaged over the polarization is equal to 100. The emiss
results, i.e., the spectra vs the outgoing photon energyhnout,
are shown in the lower panel of Fig. 1 giving, for spa
reasons, a subset of the results. The experiment shows a
siderable emission dichroism having a strong dependenc
the excitation energyhn in . In Fig. 1 the energies of the pho
tons are measured from the energy of the scattered el
peak excited at theL3 peak of Mn~case 6!. This makes the
reading of the relative shifts of the spectra easier. The ab
lute values of the energies are given at the top of the up
panel.

Some important features can be seen already in the
data, even without comparing with theory.

~i! The elastic peak~dispersing withhn in) has a clear
dichroism that is maximum in theL3 region.

~ii ! A clear shoulder at about 3.5 eV below the elas
peak is seen with excitations 4 and 9~arrows in the figure!.
This dispersive inelastic contribution is due to transitions
lower spin in the final state in analogy to what was demo
6-3
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F. BORGATTI et al. PHYSICAL REVIEW B 65 094406
strated in MnO by Butorinet al.22 ~hereafter this loss will be
called ‘‘lower spin excitation’’!. This excitation is seen als
in Ni75Mn10Al15 ~Ref. 8! and probably also in Co2MnSb.9

The assignment to lower spin is confirmed by the calcu
tions given in the present paper.

~iii ! The sign of the emission MCD is the same as
absorption MCD with a change around excitation 8, i.e.,
the zero crossing of MCD. At this excitation energy the
chroism integrated alonghnout is close to zero while the
spectral distribution gives two regions with small and opp
site dichroism.

~iv! When hn in increases above the zero crossing of
absorption MCD there is a clear transfer of the emiss
dichroism from the elastic peak to the lower spin excitatio
These results have a counterpart in what was found
Ni75Mn10Al15 alloy8 and probably for Co2MnSb.9

~v! As seen immediately in spectra from 6 to 9 the RR
spectra contain a nondispersive component shown by
solid vertical line in Fig. 1 at abouthnout523 eV. In par-
ticular the spectra 6 are likely to contain a superposition
dispersive and nondispersive contribution. This is confirm
by the analysis given in Sec. VII. The dichroism of the no
dispersive contribution is strong and has the same sign o
absorption MCD.

~vi! In case 10, i.e., with the excitation immediately belo
theL2 threshold~i.e., well aboveL3), the low-energy peak is
not at the energy of the nondispersive component as sh
by an arrow. This loss corresponds to an excitation in
final state at least around 8 eV~see also Sec. VIII!.23

~vii ! With excitation in theL2 region, a strong Coster
Kronig ~CK! contribution is seen. The CK conversion is p
larization dependent as known from the literature.4,11 The
study of this problem in the impurity regime in a metall
system is premature so that theL2 spectra will be not dis-
cussed and are presented for completeness.

IV. EXPERIMENTAL RESULTS ON SPECULAR
REFLECTIVITY AND ABSORPTION MAGNETIC

CIRCULAR DICHROISM

As anticipated above the Mn segregation does not al
the absorption MCD to be measured from electron yie
This can be used to give theshapeof MCD vs hn in , but not
the absolute value. In fact, in the Mn enriched surface reg
the Mn concentration is higher than 20% so that Mn is
more magnetic.24,25 This gives a drastic reduction of the d
chroism measured with total electron yield while the sha
of the difference curve is safer because the contribution
the nonmagnetic Mn is canceled in the subtraction. On
other hand, the total fluorescence yield~Fig. 1! gives only a
qualitative indication as it is well known.21 Thus we used a
different approach, i.e., we recovered MCD informati
from specular elastic reflectivity which is much less surfa
sensitive since it is a photon in – photon out measurem
This has been done as follows with an accuracy sufficien
the present purposes.

~i! After rotating the sample, we have measured the em
sion spectra in specular geometry (35° from the sample
mal!. The elastic peak is strongly enhanced as shown, e
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with excitation 10 in Fig. 2. It is thus easy to obtain th
elastic reflectivity at varioushn in ~normalizing to the inci-
dent photon flux!. The results, summed over the incide
polarization and with nonmagnetized sample, are given
Fig. 3 ~lower panel, black dots!.

~ii ! We have measured the electron yield spectrum with
magnetizing the sample and summing over the incident
larizations~Fig. 4, thin line in the upper panel!.

~iii ! We have done a first-principle calculation of the r
flectivity, as in Ref. 26. To this end, the absorption is need
to determine the imaginary part of the refraction index. T
absorption coefficient is synthesized as follows. The abso
tion coefficient in a wide energy range is obtained by co
bining the elemental absorption of Ni and Mn taken from t
databases27 and weighted by the composition. These data
accurate in the general trends but not in the resonant abs
tion around threshold~Mn-L2,3 and Ni-L2,3), which is very
important for our analysis. These resonant parts have b
taken from our electron yield measurements~as in Fig. 4 for
Mn-L2,3) by rescaling the measured spectra to the ju
~known from the tabulated data27! from below threshold to
well above theL2 peak. The real part of the refractive inde
is obtained from a Kramers-Kronig transformation of t
imaginary part. The calculated reflectivity, shown in t
middle panel of Fig. 3, is in reasonable agreement with
experiment. This demonstrates that the shape of the abs
tion spectrum obtained with the electron yield of Fig. 4 a
used in the calculation is realistic. Thus Mn segregation d
not affect drastically the electron-yield spectra. The cons
tency of the two approaches makes it possible to use dich
reflectivity to calibrate the MCD given by the electron yiel

~iv! The reflectivity MCD at theL3 peak is shown by the
open squares in the upper panel of Fig. 3. By using
theory of the polarized reflectivity as in Ref. 26, i.e., b
inserting the polarization effects in the simulation of the
flectivity, we obtain the absorption MCD that is needed

FIG. 2. Magnetic Mn impurities in Ni: the emission spect
summed over the polarizations and measured with the excitatio
~see Fig. 1! in the two different geometrical arrangements shown
the inset. The open dots refer to the case of Fig. 1 and the black
to the specular case.
6-4
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MAGNETIC CIRCULAR DICHROISM IN RESONANT . . . PHYSICAL REVIEW B 65 094406
give the measured reflectivity MCD. Thus we calibrate t
difference curve measured with total electron emission. T
result is the absorption MCD of the upper panel of Fig
~heavy line!. The left scale is not corrected for the incide
polarization~80%! and the right scale accounts for it. Afte
this correction, the peak absorption MCD is around 95%

Given the numerous approximations in the analysis,
final evaluation of the MCD is affected by a non-negligib
uncertainty. We have done an extensive numerical analys
the sensitivity to all parameters and approximations obta
ing an uncertainty of the absorption MCD up to610%.
Thus we will assume cautiously anL3-peak absorption MCD
between 85% and 105% with complete incident polarizati
Of course, these uncertainties prevent sum rules to be u

V. SELF-ABSORPTIONÕSATURATION PROBLEMS

As already stressed in the introduction, very strong c
rections to the raw data are required in concentrated sys
in order to recover the useful information on the scatter
cross sections. This happens even when the emission d
tion is chosen almost normal to the magnetization, in orde
avoid dichroic self-absorption. In fact, the penetration of
incident beam is dichroic and this gives anyhow differe

FIG. 3. Specular elastic reflectivity of Mn impurities in Ni v
the incident photon energy. The measurements summed ove
polarizations are given in the lower panel and the calculated re
tivity in the middle panel. A blowup of theL3 region is given in the
upper panel including the measurements atL3 with circularly po-
larized light and magnetized sample~open squares!.
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exit paths generating strong artifacts in concentrated syst
as shown in Ref. 7 and references quoted therein. On
other hand, in the extreme dilute limit, the absorption
dominated by the nondichroic absorption of the major
component and the problem does not exist. We have asse
this problem in the present case by making a calculation a
Ref. 7: these effects are largely tolerable. In the calculat
we have used the absorption coefficient employed in
simulations of the reflectivity discussed in the previous s
tion. With the exception of the excitation at theL3 peak all
corrections to the emission dichroism are below 10% and
almost independent of the outgoing photon energy~no dis-
tortion of the spectra!. At L3 the Mn contribution to the tota
absorption becomes non-negligible and the measured p
dichroism is multiplied by a factor about 0.7, again with ve
little dependence on the outgoing photon energy. A meas
ment atL3 needing much smaller corrections, if any, wou
require concentrations around 0.1%, which are definitely
low our concentration of 1.8–2%. The experimental feasib
ity at such low concentrations is not far from being reach
at present, in consideration of the performances of the m
recent synchrotron radiation beam lines.28 Of course, this
increases the interest of the present results. Hereafter w
not include these effects in the comparison between the
and experiment because already a straightforward comp
son without corrections allows the main topics to be d
cussed. We believe that this approach is more transpa
because we avoid using too many parameters. This is
great advantage of the work on impurities.

Similar arguments apply also to the total fluorescen
spectra reported in Fig. 1~upper panel! and confirms the

the
c-

FIG. 4. L2,3 absorption in magnetic Mn impurities in Ni. Uppe
panel: measurements with total electron yield averaged over
incident circular polarizations~thin line! and the absorption MCD
~thick line!. The calibration of the dichroism is done on the basis
the reflectivity as explained in detail in Sec. IV. The left scale ref
to the raw data and the right scale takes into account the pa
polarization of the incident beam. Lower panel: calculations done
explained in Secs. VI and VII.
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F. BORGATTI et al. PHYSICAL REVIEW B 65 094406
difficulties in extracting absorption MCD from total fluore
cence even with concentration impurities around 1%.29

VI. THEORETICAL RESULTS

As anticipated above, we used a purely ionic model in
interpretation of the emission dichroism. This approximat
might seem very poor for a metallic system like ours. As
matter of fact, it has been already shown that for Mn ato
dispersed in a metallic system the core excitation proper
are dominated by atomiclike effects. Hence a full multipl
splitting calculation~with a dominant 3d5 configuration! is a
good starting point. In other words, this approach is not c
fined to the oxidelike cases. This relevant point has b
pointed out in L2,3 absorption from Mn chemisorbed o
Fe~100!.30 In fact, the spectra are dominated by the loc
excitations that can be described rather well in an all-elec
atomiclike picture. The extension of the ionic model to t
present case is supported by our measuredL2,3 absorption
spectrum~Fig. 4, upper panel!, similar in shape to that given
in Ref. 30 for Mn on Fe~100!. These arguments are als
consistent with what was suggested recently on reso
photoemission from thin Mn films by Richteret al.31 We
expect then the ionic approach to be a useful starting p
for the interpretation of the emission spectra. This is the c
already in the simplest application of the model based o
single configuration (3d5) as shown in Sec. VII.

In a joint fitting of absorption and emission spectra w
have found the best crystal field 10Dq50.7 eV and the bes
reduced temperatureTR51.5 ~see Sec. II B!. This TR corre-
sponds toDEexch517 meV, which is an acceptable valu
within the range used routinely in the calculation of abso
tion MCD. The Slater integrals were rescaled by 75% tha
a rather common rescaling factor.

With these parameters the absorption spectrum avera
over the polarizations and the absorption MCD are given
Fig. 4 ~lower panel!. The results of Fig. 4 refer to complet
polarization of the incident beam and give anL3-peak di-
chroism of 85%, which is at the lower edge of the expe
mental interval. As we will show this comes from a compr
mise with the fitting of the emission dichroism. The ener
dependence of the absorption MCD is in general agreem
with the experiment. The only inaccuracy in the MCD
found just above the zero crossing in theL3 region. At
present, it is not possible to assess the origin of this prob
in consideration of the experimental uncertainties and of
simplified model.

Some of the calculated emission spectra are shown in
5 together with their dependence on the scattering angle.
KH formula gives the dispersive contribution and the resu
are plotted vs the energy transferred to the sample so tha
elastic peak is at zero transferred energy. As pointed
above, a significant aspect of the emission measuremen
the transfer, at increasinghn in , of the dichroism from the
elastic peak to the feature corresponding to lower spin fi
states. This trend is well reproduced by the theory~spectra at
excitation 6 and 9 in Fig. 5! where we give calculations with
100% incident polarization without accounting for the fin
bandpass of the experiment. We present calculations at
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scattering angles~90 and 150°—note the expansion of th
scale in case 9!. With excitation to the intermediate lowe
spin states~case 9!, the final states giving the feature B a
coupled directly to the intermediate state without any furth
spin flip of any electron, as opposed to what happens in
elastic peak, where a further spin flip occurs. This expla
qualitatively both the dominant intensity of the inelastic p
and the transfer of the dichroism to the inelastic part. T
argument is easily understood in cylindricalSO2 symmetry,
i.e., in the magnetic system without crystal field. When t
crystal field is accounted for, the symmetry becomesC4h
with a reshuffling of the states. We have seen numeric
that the crystal-field effect gives a further reduction of t
dichroism at the elastic peak.32

The information on the angles is summarized in the up
panel of Fig. 5 giving the angle dependence of peaks A an
with the excitations 6 and 9. In the figure, we give the valu

FIG. 5. Calculated scattering spectra from magnetic Mn im
rities (Mn21-3d5 ground state!. The labels indicate thehn in ener-
gies given in the upper panel of Fig. 1 and the scattering angl
defined in the inset in Fig. 1~lower panel!. The spectra at two
angles (90° and 150°) are given in the lower panel. The ang
dependence of the peaks A and B is given in the upper panel~Aver
5 polarization averaged intensity~at the left! and flipping ratio at
the right; for details see Sec. VI!.
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MAGNETIC CIRCULAR DICHROISM IN RESONANT . . . PHYSICAL REVIEW B 65 094406
averaged over the incident polarizations and the percen
chroism with respect to the average value~flipping ratio!. As
specified above the experiment is carried out at a given a
~scattering at 110°) dictated by technical constraints and
the need of minimizing the self-absorption/saturation. T
theoretical angular dependence shows that the experim
although done at an angle, is significant of the situation a
whole since the theoretical angular dependence is not str

VII. DISCUSSION

The comparison with the experiment requires to dis
tangle the dispersive and the nondispersive contributio
This is done here by using the theory and the experim
jointly. As we show in this section, the difference betwe
the measured spectra and the theoretical dispersing spec
gives a contribution which doesnot disperse and hascon-
stantshape whenhn in is changed. In this way, we obtain th
nondispersive component. We stress that the nondispe
behavior of the difference spectrum is a result of the anal
and not an assumption.

The nondispersive contribution has been obtained in ca
3 to 6 both in the polarized spectra and in the spec
summed over the polarizations, always with the same n
dispersive spectrum within the accuracy of the measu
ments. The procedure is shown in Fig. 6 in cases 4 an
summed over the polarizations. In the lower panel, the bl
squares give the raw spectra and the solid line is the theo
ical spectrum including the bandpass effects. The intensit
the theoretical spectrum is dictated by the need of avoid
undershoots below zero in the difference spectrum given
the open points. The nondispersive contributions~difference
spectra! in cases 4 and 6 have the same shape and the s
energy position as shown by the comparison in the mid
panel, where they have been rescaled to the same heigh
the further analysis we will represent the nondispersive c
tribution by the smooth interpolation~heavy solid line! given
in the middle panel.

The shape of the nondispersive component summed
the polarizations has no evident connection with the oc
pied local density of 3d states~DOS! in the Mn site calcu-
lated in Ref. 13. This calculation is given in the upper pa
of Fig. 6 ~heavy line! after summing over the spin and aft
suitable broadening to compare with the present meas
ments~the thin line gives the empty DOS!. Since we want to
compare the shape of the calculated local DOS with the
periment, the position of the Fermi level is not critical a
we have tentatively aligned the end points of the calcula
DOS and of the experimental nondispersive component
consideration of the completely different shape of the t
curves, it seems very unlikely that matrix elements effe
can solve the discrepancy. On the other hand, the calc
tions of Ref. 13 have been done with a method that g
good results in a variety of different 3d samples in agree
ment with photoemission as mentioned in the original ref
ence ~and in references quoted therein!. Thus the presen
determination of the nondispersive component casts str
doubts upon the possibility of describing the 3d fluorescence
of Mn impurities as DOS-like. Our results do not suppor
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straightforward interpretation of the nondispersive dichroi
in terms of occupied spin unbalance~as in the initial sugges-
tion by Strangeet al.,1 although this approach is acceptab
in other cases5 and has been considered as a possibility
magnetic compounds containing Mn, by Duda8 and
Yablonskikhet al.9!. This calls for an assessment of the pr
cesses contributing to the nondispersive component and
sponsible for the departure from the DOS-like behavior.
general terms, the research on this problem in correlated
tems is still under way and a variety of mechanisms has b
suggested. The relaxation of the intermediate excited s
with the creation of electron-hole pairs discussed
insulators33,34 does not seem to be the best candidate
metals. A more promising approach is to consider the tra
fer of the excitation energy to the continuum due to the
finite dimension of the system.35–37 In this connection, the
model suggested in Ref. 36, accounting for all partitions

FIG. 6. Magnetic Mn impurities in Ni: determination of th
nondispersive component in the emission spectra~cases 4 and 6!,
summed over the incident polarizations~the excitation energies ar
defined in the upper panel of Fig. 1!. The thin lines in the lower
panel give the theory. The extracted nondispersive componen
cases 4 and 6 are compared in the middle panel. The theoreticad
density of states in the Mn site summed over the spin~Ref. 13! are
given in the upper panel after suitable broadening to compare
the experiment~the occupied states are given by the heavy line a
empty states by the thin line!.
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F. BORGATTI et al. PHYSICAL REVIEW B 65 094406
the excitation energy between localized and extended s
during the excitation, seems promising. In fact, in other ca
such as La metal38 this model gives a good position of th
nondispersive component, without using adjustable par
eters. A calculation of this kind for a magnetic system is s
lacking and could be stimulated by the present results.

The dispersive measurements~hereafter called ‘‘extracted
Raman spectra’’! obtained from the raw measurements
subtracting the nondispersive components are compared
the calculations in Fig. 7. The theoretical simulations inclu
the effect of the partial polarization of the incident beam a
of the experimental bandpass in the incident and in the e
ted photon beam.39 The simulations do not include the effe
of self-absorption/saturation that reduces the measured
chroism around theL3 excitation with small effects on the
other spectra~Sec. V!.

If we neglect for the moment case 10, the comparis
given in Fig. 7 shows a good general agreement betw
theory and experiment, as far as the trends and the spe

FIG. 7. Comparison between theory and experiment on m
netic Mn impurities in Ni with excitations from 6 to 10 specified
the upper panel of Fig. 1. The left column gives the extracted
man spectra, i.e., the measurements after subtraction of the no
persive part as explained in the text. The right column gives
theory including the effect of the experimental bandpass and of
partial polarization of the incident beam.
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shape are concerned. This comparison deserves the follo
comments.

~i! The measured Raman peak dichroism in case 6 is 4
The theoretical value is 73%, which has to be reduced
about 51% due to the self-absorption/saturation effect~see
Sec. V!. The two values compare well but the theory see
to give a somewhat larger dichroism. The same situatio
seen in case 7 where the size of the theoretical dichroism
also somewhat greater. In case 9 the peak dichroism of
inelastic part is about 45% while the theoretical value
about 54% after the slight correction due to self-absorpti
saturation. Again there is agreement but a larger dichroism
found in the calculations.

~ii ! The spectra measured around the zero crossing of
absorption MCD~case 8! show opposite dichroism in the
elastic and in the inelastic regions. This is seen both in
measurements and in the theory where the effect is m
more evident. The handling of this spectrum is delicate a
small details of the nondispersive part to be subtracted
affect the results. Thus we cannot discuss in detail this po
However, it is comfortable that there are similar qualitati
trends in the theory and in the experiment.

~iii ! The excitation 10 just below theL2 threshold gives
the widest spectrum free of the complications coming fro
the Coster-Kronig conversion. In this case, the theory p
dicts that the transferred energy scale becomes wider wi
dominant loss at around 5 eV and a tiny feature at mu
greater transferred energy~at about 10 eV!. In addition, in
the experiment the energy scale is more expanded and
haps the feature at 5 eV is seen. However, the general s
of the calculated spectrum is different from the experim
mainly concerning the intensity of the elastic peak. Mo
over, there is no way of extracting a Raman spectrum
acceptable agreement with the theory at transferred ene
greater than about 6 eV. In this region of the (hn in , hnout)
plane a theory based on a single ion is thus not appropr
In effect the model does not account for the charge fluct
tions between the Mn ion and the environment including
Ni 3d derived states and the conduction band including
4s contributions from Ni and from Mn impurities. In the
reality these fluctuations can take place and might be
origin of the observed loss. Of course, this is only a conj
ture deserving further investigation. In this energy region
situation is different with respect to Ni75Mn10Al15 reported in
Ref. 8 where it seems that there is only a nondispersive
ture around212 eV. This comparison cannot be done
more detail since the data on Ni75Mn10Al15 as presented in
Ref. 8 do not allow the correction due to self-absorptio
saturation that is expected to be very important for the r
sons discussed in Sec. V.

~iv! With hn in well below theL3 threshold, both the ex-
periment and the theory give a single Raman dispers
peak. This has essentially no inelastic tail, as shown by
raw data in case 2 of Fig. 1. Thus there is no need of extr
ing the Raman spectra and the theory agrees directly with
experiment. For space reasons, we do not give details on
point.

The limitations of the above treatment deserve some c
ment. The larger dichroism in the emission calculatio
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~typically by 25%! comes from the condition of fitting simul
taneously the emission MCD and the absorption MCD. T
shows the great importance of treating jointly the two sets
results. If this constraint is relaxed, it is relatively easy
obtain a better agreement with the emission measurem
since it would suffice to increase the reduced temperatur
usingTR'2.2 in place of 1.5. However, this would give a
absorption MCD not fully compatible with the experiment
information. In this connection, a variety of problems cou
be investigated and this could stimulate further research.
point is to account for the noninteger occupation of the M
3d shell. The ground-state calculations by Zeller13 give an
occupation of the Mn-3d shell within the Wigner-Seitz
sphere of 5.43 electrons which is roughly 10% greater t
the 5 occupation assumed here. The trend towards an o
pation greater than 5 is also found in Mn chemisorbed
Fe~100! accordingly to Ref. 30~Mn-3d occupation 5.23
from theL2,3 absorption fitting!. Moreover, also cluster cal
culations deserve to be explored mainly in connection w
excitations well aboveL3 ~see the above discussion of exc
tation 10!. However, all these treatments have probably
wait for an assessment of the more drastic approxima
implicit in the whole work done up to now in emission d
chroism, to the authors’ knowledge. This is the assump
that the branching ratio to the Auger decay of theL2,3 core
hole with respect to radiative decay is polarization and
ergy independent. Only in this case it is legitimate to d
couple the radiative and the Auger decays, by treating
photon scattering as it is done usually and as done her
this is not the case, the dichroism seen in the photon cha
can be influenced drastically by that in the Auger chan
which is the dominant decay.40 This argument is also sup
ported by the unpolarized calculations on Ni of Ref. 2
showing that the branching ratio between Auger and ra
tive L3 decay is not strictly independent on the excitati
energy. The study of this problem~both experimentally and
computationally! is probably the most stimulating perspe
tive suggested by the present work. Its clarification co
open an entirely new field to emission MCD.

VIII. CONCLUSIONS

We have presented a study of dichroic resonant emis
spectroscopy excited with circularly polarized light at t
. L

.

l,

J.
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L2,3 thresholds of magnetic Mn impurities in Ni. This is
prototypical case of magnetic impurities, a field not yet e
plored with emission dichroism. We have shown that ma
netic impurities are particularly convenient to this end, sin
most of the problems coming from self-absorption/saturat
are eliminated. Consequently, the extraction of the relev
information from the measurements is much simpler a
safer than in the other cases. The joint consideration of
sorption MCD and emission MCD is greatly useful since
gives a further constraint in the theoretical fitting. The e
perimental information on absorption MCD has been o
tained by the analysis of the specular reflectivity measure
the same experiment. We stress that it would have been
possible to calibrate the absorption MCD without the refle
tivity measurements. The spectral components disper
with the incident photon energy have been discussed in c
junction with multiplet splitting calculations in a simpl
ionic model with crystal field. Even in a metallic case as t
present one, the model accounts for all measured trends
the exception of the excitation well aboveL3 ~i.e., just below
L2). The difference between the measurements and the
persive theoretical spectra gives the nondispersive com
nent already visible in the raw measurements. The shap
the nondispersive component has no evident correlation w
the calculated ground electron states of Mn-3d in Ni. This
does not support a straightforward interpretation of the n
dispersive component in terms of spin unbalance of
occupied states at variance with other cases presen
the literature. The future implications, both theoretic
and experimental, of the present results have also b
discussed.
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