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We present a study of Mn magnetic impuritigdout 2% in Ni with resonant x-ray emission spectroscopy
excited at thel, 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 singke™Mn
(3d®) ion with cubic crystal field. The theory reproduces satisfactorily all experimental trends of the features
dispersing with the incident photon energy in the wHoleegion, whereas it is not adequate just belowlthe
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 wdtivihe 3
local density of states. The general implications of the results are discussed.
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[. INTRODUCTION tuned at selected convenient values. The emission spectrum
vsthe outgoing photon enerdyv,,: is measured at a conve-
During the last decade the magnetic circular dichroismmient angle, without measuring the polarization of the emit-
(MCD) in core absorption and in photoemission has becomeéed radiationt* In the present case we use the Mn channel
a central issue in the spectroscopy of magnetic systems. (p®3d"— 2p®3d"*1—2p®3d" wheren is the 3 occupation
the other hand, the study of magnetic systems with x-rayn the ground staté.e., we study resonant valence excitation
emissiorspectroscopy has not been exploited much since theia anL hole). This process results in spectra containing a
initial theoretical suggestion by Strangeal® and the ex- nondispersive contribution and a component dispersing with
perimental work of Refs. 2—7. More recent experimentalthe incident photon energy, which is usually called a Raman
work has been published by Dddand by Yablonskikhet ~ component and typical of resonant Raman scatte(iRigS.
al.>1% while theoretical work has been done by Jo andThus the dispersive component shows the features appearing
Parlebag! This relatively limited development is due to a at constant energy loss corresponding to the excitation en-
variety of difficulties in emission MCD, as is apparent from ergy of the sample in the final state. The emission MCD is
the literature and as will be shown below. In the present workhe difference between the spectracasured véiv,,) with
we address the study of magnetic impurities with resonanbpposite circular polarizations of the incident light. Due to
emission. This topic is very convenient to emission spectrosthe polarization of the core hole created in the absorption this
copy. In fact, in concentrated samples the penetration deptémission MCD should be related, accordingly to the initial
of the radiation is very much dependent on the photon polarsuggestion by Strang al.* to the energy distribution of the
ization. This is due to the strong absorption MCD so that thespin unbalance of the occupied states. However, the situation
distortion of the emission spectra due to self-absorptionis far more complicated as it is apparent from the literature
saturation is dramatic as shown in Refs. 5 and 7. This is nafin particular, see Ref.)8and as we will show here. In the
the case in dilute systems where the majority componenpresent work we concentrate on the resonant effects since the
dominates with its nondichroic absorption. Real experiment&xcitation well above thresholghossible also with polychro-
on dilute systems based on third generation synchrotron ranatic radiation as in Ref.)anvolves complicated processes
diation sources approach this limit and the corrections areonnected with multiple excitationsee Refs. 2 and)8so
definitely tolerable as shown hefe. that the interpretation is very indirect. In the resonant exci-
In this field, we have chosen Mn diluted in Ni, which is a tation we pay particular attention to the; case, simpler
prototypical case of magnetic impurity having a high mag-because the Coster-Kroni@€K) channel converting thé,
netic moment. Moreover, electronic state calculations for thénto anL 5 hole is in itself dichroic, as shown already in Ref.
ground state are availabt@. 4 and rationalized by Jo and Parlefis.
The emission experiments consist in the excitation with In the present work, besides the emission spectra, we have
circularly polarized light(photon energyhv;,) incident al- measured also resonant elastic reflectivity in specular geom-
most parallel/antiparallel to the magnetization and wiih,  etry and we use the results jointly. In particular the reflectiv-

0163-1829/2002/69)/09440610)/$20.00 65 094406-1 ©2002 The American Physical Society



F. BORGATTI et al. PHYSICAL REVIEW B 65 094406

640 650

6 Total

\| - 7 fluor.

ity is used to obtain information on the absorption MCD,
which is fitted together with the emission with a model based
on the Kramers-HeisenbefgH) formula for the calculation

of the cross section.

Besides the relevance of showing that magnetic impurities
are particularly appropriate for the emission experiments, the 50
main points presented here can be anticipated as follows. 0

(i) The importance of the interplay between reflectivity 50 ...I..M...I....I....l..
and emission measurements is pointed out.

(i) The relevance of the dispersive component in the RRS
emission spectra of Mn impurities is shown. This is in broad
sense analogous to what happens in other Mn compounds as
pointed out recently by the results of Ref. 8 on the
NizsMn40Al 15 alloy and of Ref. 9 on NiMnSb and GhInSb.

(iii) The possibility of describing satisfactorily the disper-
sive component with the results of a KH calculation based on
an ionic model, a result far from being obvious in a metallic
system as the present one.

(iv) The absence of a straightforward correlation between
the nondispersive component and the local density @f 3
states of Mn. This is important since it is opposite to the
initial suggestion by Strandeand shows limitations in the
use of emission dichroism to explore the spin unbalance of
the occupied states.

The paper is organized as follows. The experimental and
theoretical methods are given in Secs. Il A and Il B. The
results on the resonant emission are given in Sec. Ill, while 3 L
the reflectivity data and the MCD information are given in 10 5 o0 s 10 15
Sec. IV. The self-absorption/saturation effect and the dilute
limit are briefly discussed in Sec. V. The theoretical results
are Summarized in Sec. VI and are Compared W|th the ex- FIG. 1. A selection of measured emission Spe@[‘m\/ data of
periment in the discussion given in Sec. VII. The conclusionsnagnetic Mn impurities in Nilower panel measured vs the out-
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are given in Sec. VIII. going photon energhv,,, with excitation at selected incident en-
ergieshv;,. The excitation energies are given by the arrows along

Il. METHODS the Mn total fluorescence curves kig;, given in the upper panel
together with the difference spectrum. The thick and the thin lines
A. Experiment refer to opposite orientation of the incident helicity vector and of

e sample magnetization. The geometrical arrangement is given by
the sketch in the inseflower panel. The energies are measured
conventionally from thd_; peak. The absolute energies are in the
upper panel.

The measurements were made at the beam line ID12
(Ref. 15 of the European Synchrotron Radiation Facility
(ESRF — Grenoble The beam line, based on the helical
undulator Helios I° delivered circularly polarized radiation
(80% at the energy of the present experimefhe measure-
ments were done with a system consisting of a dedicatedurements were normalized to the incident flux measured
monochromatdr used to prepare the beam incident onto thewith the photocurrent from a semitransparent Al film. All
sample and of a spectrograph measuring the emissiomeasurements were done at room temperature. The total
spectrat® The magnetizing system is described in Ref. 19:fluorescence was measured with a photodiode.
the magnetic field was 0.2 T which was sufficient to ap- The sample was grown in a separate preparation chamber
proach saturation within 5%. The angle between the incideniby co-evaporation of Ni and Mn onto polished Bi0) sub-
and the scattered momentum is 110° as shown in the inset Btrates by electron bombardment from independent evapora-
the lower panel of Fig. 1. This angle is chosen to have thaors. The base pressure in the evaporation chamber was be-
emission nearly normal to the magnetizationcidence at low 2x10 ° mbar and raised in the lower 18 range
15° from the surface and emission at 5° from the nojmal during the evaporation. The deposition ré&teonitored with
This avoids dichroic effects in self-absorption along thea quartz microbalangewas sufficiently high that the con-
emission path. The incident bandpass was 1 eV and the etamination during growth was negligible. The total thickness
ergy bandpass of the analyzing spectrograph was 0.8 eV. Th# the samples was about 1800 A. Shutters were available to
relative signs of the polarization and of the magnetizationmonitor the rate of each single evaporator and to cover the
were changed cyclically every 5 min to minimize the effectsample, when needed. Great care was taken to check the
of possible drifts. In the reflectivity measurements, thestability of the system in order to avoid composition inho-
sample was rotated to have specular reflection and the meatogeneities. The preparation of one sample needed typically
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90 min and the rates of Ni and Mn were tested every 15 mintatio Tg= (kg T/AEgy) WhereAEg,is the exchange split-
(this required about 30 secSeveral samples were grown in ting between two neighboring levels of the magnetic ground
order to select the best for the experiment. During eacktate. HereaftefT; will be called “reduced temperature.”
growth, two targets were installed side by side in order tosince no independent experimental determination Bf,,,
produce two strictly equivalent samples, one for the characis available, we treaTy as a parameter to be determined in
terization and the other for the emission experiment. Thehe fitting of the experimental results. Of course, a value of
samples were capped with a thin Au overlayer to preventr_ implies a value ofA E,,, since the experiment is done at
contamination from the residual gas when stored in vacuumg known temperaturé300 K). Thus one has to test poste-
The samples could be extracted from the preparatiofiori if the value of AE,,g,is in a reasonable range. In the
chamber with a transfer arm and inserted in the measuremefia| state all multiplet terms are accounted for. Since the
chamber without going to air. The replica sample was disputgoing polarization is not observed, the intensities are
mounted and insertedess than 3 min in ajrinto an x-ray  suymmed over the polarizations of the scattered beam. The
photoemission spectroscofPS) scanning Auger system. matrix elements and all the Slater integrals are calculated by
The composition was verified with core XPS and a quantitathe Hartree-Fock method with relativistic correctidisis
tive depth profiling was done in several locations with anysyal, the integrals are rescaled to take approximately into
Auger system having 2000-A lateral resolution. The loca-account the part of the intra-atomic correlation not included
tions of the depth profiles were decided by using the Augefn the Hartree-Fock treatment. The reduced temperature, the
system as a scanning microscope. The Mn concentration i&scaling factor and the crystal field were optimized in the
well below the solubility limit and this ensures a good bulk joint fit of the absorption and of the emission spectra. The
homogeneity as tested by depth profiling. We have alsgeflectivity results were used to calibrate the measured ab-
found surface segregation of Mn as expected from the vapQorption MCD as explained beloyBec. IV). As shown in
pressures. Typically in the first five layefabout 10 A, Mn  sec. VI the best results from the joint fitting of emission and

is the majority component. This has negligible effects in ourapsorption are obtained witfik=1.5, 1q=0.7 eV, and a
bulk sensitive emission experiment even when the incidencgascaling of the= and G Slater integrals to 75%.

is at 15° from the surface. The enriched region has typically
a weight of 1% of the emission spectra, even at grazin Il EXPERIMENTAL RESULTS ON RESONANT EMISSION
incidence. On the other hand, Mn segregation prevents any"

quantitative measurements of the absorption dichroism with The emission spectra have been measured at selected ex-
total electron y|E|d, due to its h|gh surface SenSitiVity. Fi- citation energieshvin, spanning from below the Mh'g
nally, XPS Auger analysis did not show any evidence ofthreshold to above thé, absorption peak. The excitation
oxidation. energieshy;, labeled from 1 to 12 are indicated in the upper
panel of Fig. 1 giving the total fluorescence yield curves of
B. Theoretical method magnetic Mn impurities measured with the two opposite cir-
The calculations have been done in a purely ionic ap-CUIflr golartljzztlon;_and the(ljr ;j|f|firenc<|a?. lft '251 I;rr]lo;/vt?] frtortnl
proximation whose merits and limitations are discussed i Iueofésc:rr:ce ?enl d 'Qur:gse caen?llotroin\je re;I.iabIe auan(;tact)i\?e
Secs. VI and VII. The impurity is described in a single con-. f » y b tion MCD. N 9 thel thq i
figuration all-electron picture, with Mri (3d®) in a cubic information on absorption - Neverineless, they are use
ful since they mimic roughly the absorption spectra and are

crystal field. The contributions to the spectrum diSperSingeasily measured with the diode detector as explained above.

with hv;,, i.e., the Raman contributio8ys(hvi,,hvey, is , .
calculated as a second-order process using the Kramerlsrl the figure, the spectra are normalized so thatltggeak

Heisenberg KH) formula with the delta function giving the ?g:&ﬁgeideoﬂi;tzee%?lgrl,zsa?r?:cl,zteglijr?l tohi)(t)c?r.] ZP\S emission
total-energy conservation smeared into a Lorentzian. T P going photo YQt.
are shown in the lower panel of Fig. 1 giving, for space

(IO [T@g) |2 reasons, a subset of the results. The experiment shows a con-
Sais N¥in Moo=~ | > .g ‘ siderable emission dichroism having a strong dependence on
7 |4 Egthui—E—il;| the excitation energiv;,. In Fig. 1 the energies of the pho-

tons are measured from the energy of the scattered elastic
% Uila 1) peak excited at the; peak of Mn(case 6. This makes the
(Eg+hvin— Ef—hvour)2+F?' reading of the relative shifts of the spectra easier. The abso-
lute values of the energies are given at the top of the upper
where|g), |i), and|f) are the initial, the intermediate, and panel.

the final states with energids,, E;, andE;, respectively. Some important features can be seen already in the raw
In the formula we have omitted the multiplicative constantsdata, even without comparing with theory.
and the very slow varying factorv(,/v;,). The configura- (i) The elastic peaKdispersing withhv;,) has a clear

tions in the ground and intermediate state a®® &nd  dichroism that is maximum in the; region.

2p°3d°®, respectively, and the final configuration is again (ii) A clear shoulder at about 3.5 eV below the elastic
3d°. In the initial state all multiplet terms ofd® are consid- peak is seen with excitations 4 and&@rows in the figure
ered and weighted with a Boltzmann factor, so that the calThis dispersive inelastic contribution is due to transitions to
culation is temperature dependent. The results depend on thawer spin in the final state in analogy to what was demon-
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strated in MnO by Butoriret al?? (hereafter this loss will be 410
called “lower spin excitation]. This excitation is seen also 000
in NizsMn;Al 5 (Ref. 8 and probably also in G&nSh?® o
The assignment to lower spin is confirmed by the calcula-
tions given in the present paper.

(i) The sign of the emission MCD is the same as the o
absorption MCD with a change around excitation 8, i.e., at A%
the zero crossing of MCD. At this excitation energy the di- T BN
chroism integrated alon@yv,, is close to zero while the
spectral distribution gives two regions with small and oppo-
site dichroism. .

(iv) When hy;, increases above the zero crossing of the @;?@
absorption MCD there is a clear transfer of the emission
dichroism from the elastic peak to the lower spin excitation. I S
These results have a counterpart in what was found for ERINEEN | EERIENER
Ni;sMn; oAl ;5 alloy? and probably for CgMnSb? -10 0 10

(v) As seen immediately in spectra from 6 to 9 the RRS Outgoing photon energy (eV)
spectra contain a nondispersive component shown by the i , L .
solid vertical line in Fig. 1 at aboutr,,=—3 eV. In par- FIG. 2. Magnetic Mn impurities in Ni: the emission spectra
ticular the spectra 6 are likely to contain a superposition ofMmed over the polarizations and measured with the excitation 10
dispersive and nondispersive contribution. This is confirme f]ee. Fig. ;'Lrlr? the th d'ﬁer?m geﬁmetr'cal ?g?n%emznt; Sglowl?(;n
by the analysis given in Sec. VII. The dichroism of the non-, e Inset. The open dots refer fo the case of Fig. 1 and the black dots
’ . R . o the specular case.
dispersive contribution is strong and has the same sign of the

absorption MCD. _ o _ with excitation 10 in Fig. 2. It is thus easy to obtain the
(vi) In case 10, i.e., with the excitation immediately below g|astic reflectivity at variousiv;, (normalizing to the inci-

theL, threshold(i.e., well abovel ;), the low-energy peak is dent photon flux The results, summed over the incident

not at the energy of the nondispersive component as showsp|arization and with nonmagnetized sample, are given in

by an arrow. This loss corresponds to an excitation in thq:ig. 3 (lower panel, black dojs

final state at least around 8 g¥ee also Sec. VIII® (i) We have measured the electron yield spectrum without

(vii) With excitation in theL, region, a strong Coster- magnetizing the sample and summing over the incident po-
Kronig (CK) contribution is seen. The CK conversion is po- larizations(Fig. 4, thin line in the upper panel

larization dependent as known from the |Iteratﬁ}éThe (|||) We have done a ﬁrst_princip'e calculation of the re-

study of this problem in the impurity regime in a metallic fiectivity, as in Ref. 26. To this end, the absorption is needed
system is premature so that the spectra will be not dis- o determine the imaginary part of the refraction index. The

cussed and are presented for completeness. absorption coefficient is synthesized as follows. The absorp-
tion coefficient in a wide energy range is obtained by com-

IV. EXPERIMENTAL RESULTS ON SPECULAR bining théegelement_al absorption of Ni and Mn taken from the
REELECTIVITY AND ABSORPTION MAGNETIC databases and weighted by the composition. These data are

CIRCULAR DICHROISM e}ccurate in the general trends but nqt in the rgsor]ant absorp-
tion around thresholdMn-L, ; and Nidl, 3, which is very
As anticipated above the Mn segregation does not allovimportant for our analysis. These resonant parts have been
the absorption MCD to be measured from electron yieldtaken from our electron yield measuremegas in Fig. 4 for
This can be used to give tishapeof MCD vs hy;,, butnot  Mn-L,2) by rescaling the measured spectra to the jump
the absolute value. In fact, in the Mn enriched surface region(known from the tabulated d&ta from below threshold to
the Mn concentration is higher than 20% so that Mn is nowell above thd_, peak. The real part of the refractive index
more magnetié*? This gives a drastic reduction of the di- is obtained from a Kramers-Kronig transformation of the
chroism measured with total electron yield while the shapémaginary part. The calculated reflectivity, shown in the
of the difference curve is safer because the contribution ofmiddle panel of Fig. 3, is in reasonable agreement with the
the nonmagnetic Mn is canceled in the subtraction. On thexperiment. This demonstrates that the shape of the absorp-
other hand, the total fluorescence yi¢kig. 1) gives only a  tion spectrum obtained with the electron yield of Fig. 4 and
qualitative indication as it is well knowft. Thus we used a used in the calculation is realistic. Thus Mn segregation does
different approach, i.e., we recovered MCD informationnot affect drastically the electron-yield spectra. The consis-
from specular elastic reflectivity which is much less surfacetency of the two approaches makes it possible to use dichroic
sensitive since it is a photon in — photon out measurementeflectivity to calibrate the MCD given by the electron yield.
This has been done as follows with an accuracy sufficient to (iv) The reflectivity MCD at the_; peak is shown by the
the present purposes. open squares in the upper panel of Fig. 3. By using the
(i) After rotating the sample, we have measured the emistheory of the polarized reflectivity as in Ref. 26, i.e., by
sion spectra in specular geometry (35° from the sample noiinserting the polarization effects in the simulation of the re-
mal). The elastic peak is strongly enhanced as shown, e.gflectivity, we obtain the absorption MCD that is needed to
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= FIG. 4. L, ; absorption in magnetic Mn impurities in Ni. Upper
3 5 panel: measurements with total electron yield averaged over the
E incident circular polarizationgthin line) and the absorption MCD
1 (thick line). The calibration of the dichroism is done on the basis of
: the reflectivity as explained in detail in Sec. IV. The left scale refers
0 ‘ | | | | to the raw data and the right scale takes into account the partial

630 63.5 640 645 650 655 polarization of the incident beam. Lower panel: calculations done as
Incident photon energy (eV) explained in Secs. VI and VII.

FIG. 3. Specular elastic reflectivity of Mn impurities in Ni vs . . . .
the incident photon energy. The measurements summed over it paths generating strong artifacts in concentrated systems

polarizations are given in the lower panel and the calculated refle@S Shown in Ref. 7 and references quoted therein. On the
tivity in the middle panel. A blowup of the region is given in the ~ Other hand, in the extreme dilute limit, the absorption is

upper panel including the measurements gtwith circularly po- ~ dominated by the nondichroic absorption of the majority
larized ||ght and magnetized Samp(tg)en Squares Component and the pI’Oblem does not exist. We have assessed

this problem in the present case by making a calculation as in

give the measured reflectivity MCD. Thus we calibrate theRef. 7: these effects are largely tolerable. In the calculation
difference curve measured with total electron emission. Th&e have used the absorption coefficient employed in the
result is the absorption MCD of the upper pane| of F|g 4simu|ations of the reflectivity discussed in the previous Sec-
(heavy ling. The left scale is not corrected for the incident tion. With the exception of the excitation at thg peak all
polarization(80%) and the right scale accounts for it. After corrections to the emission dichroism are below 10% and are
this correction, the peak absorption MCD is around 95%. almost independent of the outgoing photon enefmy dis-
Given the numerous approximations in the analysis, thdortion of the spectraAt L3 the Mn contribution to the total
final evaluation of the MCD is affected by a non-negligible absorption becomes non-negligible and the measured peak
uncertainty. We have done an extensive numerical analysis @fichroism is multiplied by a factor about 0.7, again with very
the sensitivity to all parameters and approximations obtainlittle dependence on the outgoing photon energy. A measure-
ing an uncertainty of the absorption MCD up t010%. ment atL; needing much smaller corrections, if any, would
Thus we will assume cautiously 4n-peak absorption MCD ~ require concentrations around 0.1%, which are definitely be-
between 85% and 105% with complete incident polarizationlow our concentration of 1.8—-2%. The experimental feasibil-

Of course, these uncertainties prevent sum rules to be usetly at such low concentrations is not far from being reached
at present, in consideration of the performances of the most

recent synchrotron radiation beam lif€sOf course, this
increases the interest of the present results. Hereafter we do
not include these effects in the comparison between theory
As already stressed in the introduction, very strong corand experiment because already a straightforward compari-
rections to the raw data are required in concentrated systens®n without corrections allows the main topics to be dis-
in order to recover the useful information on the scatteringcussed. We believe that this approach is more transparent
cross sections. This happens even when the emission direlbecause we avoid using too many parameters. This is the
tion is chosen almost normal to the magnetization, in order tgreat advantage of the work on impurities.
avoid dichroic self-absorption. In fact, the penetration of the Similar arguments apply also to the total fluorescence
incident beam is dichroic and this gives anyhow differentspectra reported in Fig. lupper pangl and confirms the

V. SELF-ABSORPTION/SATURATION PROBLEMS
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difficulties in extracting absorption MCD from total fluores-
cence even with concentration impurities around 2%.

VI. THEORETICAL RESULTS

As anticipated above, we used a purely ionic model in the
interpretation of the emission dichroism. This approximation
might seem very poor for a metallic system like ours. As a
matter of fact, it has been already shown that for Mn atoms
dispersed in a metallic system the core excitation properties
are dominated by atomiclike effects. Hence a full multiplet-
splitting calculation(with a dominant 8° configuration is a
good starting point. In other words, this approach is not con-
fined to the oxidelike cases. This relevant point has been
pointed out inL,3 absorption from Mn chemisorbed on
Fe(100.%° In fact, the spectra are dominated by the local
excitations that can be described rather well in an all-electron
atomiclike picture. The extension of the ionic model to the
present case is supported by our measurgd absorption
spectrum(Fig. 4, upper pangl similar in shape to that given
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in Ref. 30 for Mn on FEL00). These arguments are also
consistent with what was suggested recently on resonant
photoemission from thin Mn films by Richteet al3* We
expect then the ionic approach to be a useful starting point
for the interpretation of the emission spectra. This is the case
already in the simplest application of the model based on a
single configuration (8°) as shown in Sec. VII.

In a joint fitting of absorption and emission spectra we
have found the best crystal field2q=0.7 eV and the best 1
reduced temperaturBz= 1.5 (see Sec. Il B This Ty corre-
sponds toAE..=17 meV, which is an acceptable value
within the range used routinely in the calculation of absorp-
tion MCD. The Slater integrals were rescaled by 75% that is

a rather common rescaling factor. FIG. 5. Calculated scattering spectra from magnetic Mn impu-
With these parameters the absorption spectrum averagefes (Mr?*-3d° ground state The labels indicate thbw,, ener-
over the polarizations and the absorption MCD are given inyies given in the upper panel of Fig. 1 and the scattering angle is
Fig. 4 (lower panel. The results of Fig. 4 refer to complete defined in the inset in Fig. Ilower pane). The spectra at two
polarization of the incident beam and give bg-peak di- angles (90° and 150°) are given in the lower panel. The angular
chroism of 85%, which is at the lower edge of the experi-dependence of the peaks A and B is given in the upper fdéwet
mental interval. As we will show this comes from a compro- = polarization averaged intensitat the lef} and flipping ratio at
mise with the fitting of the emission dichroism. The energythe right; for details see Sec. VI
dependence of the absorption MCD is in general agreement
with the experiment. The only inaccuracy in the MCD is scattering angle$90 and 150°—note the expansion of the
found just above the zero crossing in thg region. At  scale in case )9 With excitation to the intermediate lower
present, it is not possible to assess the origin of this problerspin stategcase 9, the final states giving the feature B are
in consideration of the experimental uncertainties and of theoupled directly to the intermediate state without any further
simplified model. spin flip of any electron, as opposed to what happens in the
Some of the calculated emission spectra are shown in Figlastic peak, where a further spin flip occurs. This explains
5 together with their dependence on the scattering angle. Thgualitatively both the dominant intensity of the inelastic part
KH formula gives the dispersive contribution and the resultsand the transfer of the dichroism to the inelastic part. This
are plotted vs the energy transferred to the sample so that tleggument is easily understood in cylindricaD, symmetry,
elastic peak is at zero transferred energy. As pointed odite., in the magnetic system without crystal field. When the
above, a significant aspect of the emission measurements dsystal field is accounted for, the symmetry beconizg
the transfer, at increasingr;,, of the dichroism from the with a reshuffling of the states. We have seen numerically
elastic peak to the feature corresponding to lower spin finalhat the crystal-field effect gives a further reduction of the
states. This trend is well reproduced by the thespectra at  dichroism at the elastic pedk.
excitation 6 and 9 in Fig.)Bwhere we give calculations with The information on the angles is summarized in the upper
100% incident polarization without accounting for the finite panel of Fig. 5 giving the angle dependence of peaks A and B
bandpass of the experiment. We present calculations at twwith the excitations 6 and 9. In the figure, we give the values

._
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averaged over the incident polarizations and the percent di- Calculated
chroism with respect to the average valtlpping ratio). As 3d-DOS

specified above the experiment is carried out at a given angle
(scattering at 110°) dictated by technical constraints and by
the need of minimizing the self-absorption/saturation. The

theoretical angular dependence shows that the experiment,
although done at an angle, is significant of the situation as a
whole since the theoretical angular dependence is not strong.

| I L 11 | 11 | | 1
«« Non-disp. #6 |
oo Non-disp. #4
— Fit

VII. DISCUSSION

The comparison with the experiment requires to disen-
tangle the dispersive and the nondispersive contributions.
This is done here by using the theory and the experiment
jointly. As we show in this section, the difference between
the measured spectra and the theoretical dispersing spectrum
gives a contribution which doesot disperse and hason-
stantshape whety;, is changed. In this way, we obtain the
nondispersive component. We stress that the nondispersive :
behavior of the difference spectrum is a result of the analysis SLEA.
and not an assumption. :

The nondispersive contribution has been obtained in cases
3 to 6 both in the polarized spectra and in the spectra
summed over the polarizations, always with the same non-
dispersive spectrum within the accuracy of the measure-
ments. The procedure is shown in Fig. 6 in cases 4 and 6
summed over the polarizations. In the lower panel, the black
squares give the raw spectra and the solid line is the theoret- e
ical spectrum including the bandpass effects. The intensity of 15 -10 -5 0 5
the theoretical spectrum is dictated by the need of avoiding Outgoing Photon Energy (V)
undershoots below zero in the difference spectrum given by
the open points. The nondispersive contributi¢aifference FIG. 6. Magnetic Mn impurities in Ni: determination of the
spectrain cases 4 and 6 have the same shape and the sarnendispersive component in the emission spe(teses 4 and)6
energy position as shown by the comparison in the middlgummed over the incident polarizatiofise excitation energies are
panel, where they have been rescaled to the same height. gigfined in the upper panel of Fig).IThe thin lines in the lower
the further analys|s we W|” represent the nondlsper3|ve Conpanel giVe the theory. The extracted nondispersive Components in

tribution by the smooth interpolatioimeavy solid ling given cases 4 and 6 are compared_ in the middle panel. Th_e theoretical 3
in the middle panel. density of states in the Mn site summed over the $Rief. 13 are

The shape of the nondispersive component summed Ovégliven in the upper panel .after suitable b.roadening to compare with
the polarizations has no evident connection with the occuth® €xperimentthe occupied states are given by the heavy line and
pied local density of 8 states(DOYS) in the Mn site calcu- empty states by the thin line

lated in Ref. 13. This calculation is given in the upper panel

of Fig. 6 (heavy ling after summing over the spin and after straightforward interpretation of the nondispersive dichroism
suitable broadening to compare with the present measurén terms of occupied spin unbalan@ss in the initial sugges-
ments(the thin line gives the empty DQSSince we want to  tion by Strangeet al.! although this approach is acceptable
compare the shape of the calculated local DOS with the exin other casesand has been considered as a possibility in
periment, the position of the Fermi level is not critical and magnetic compounds containing Mn, by D&dand

we have tentatively aligned the end points of the calculateablonskikhet al®). This calls for an assessment of the pro-
DOS and of the experimental nondispersive component. licesses contributing to the nondispersive component and re-
consideration of the completely different shape of the twosponsible for the departure from the DOS-like behavior. In
curves, it seems very unlikely that matrix elements effectgeneral terms, the research on this problem in correlated sys-
can solve the discrepancy. On the other hand, the calculaems is still under way and a variety of mechanisms has been
tions of Ref. 13 have been done with a method that gaveuggested. The relaxation of the intermediate excited state
good results in a variety of differentd3samples in agree- with the creation of electron-hole pairs discussed in
ment with photoemission as mentioned in the original referinsulatord®3* does not seem to be the best candidate for
ence (and in references quoted thereimhus the present metals. A more promising approach is to consider the trans-
determination of the nondispersive component casts stronigr of the excitation energy to the continuum due to the in-
doubts upon the possibility of describing thé Buorescence finite dimension of the systefi=>’ In this connection, the

of Mn impurities as DOS-like. Our results do not support amodel suggested in Ref. 36, accounting for all partitions of

'
I
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Exp extract. Raman Theory shape are concerned. This comparison deserves the following
e R R comments.

#10 | i (i) The measured Raman peak dichroism in case 6 is 41%.

L The theoretical value is 73%, which has to be reduced to

\ about 51% due to the self-absorption/saturation effeee

#10 i

Sec. V). The two values compare well but the theory seems
to give a somewhat larger dichroism. The same situation is
seen in case 7 where the size of the theoretical dichroism is
also somewhat greater. In case 9 the peak dichroism of the
inelastic part is about 45% while the theoretical value is
about 54% after the slight correction due to self-absorption/

#9 ; saturation. Again there is agreement but a larger dichroism is
2 p found in the calculations.
§ E P (i) The spectra measured around the zero crossing of the
g i b absorption MCD(case 8 show opposite dichroism in the
b W b elastic and in the inelastic regions. This is seen both in the
‘é ; ! measurements and in the theory where the effect is much
2 o | more evident. The handling of this spectrum is delicate and

small details of the nondispersive part to be subtracted can
affect the results. Thus we cannot discuss in detail this point.
However, it is comfortable that there are similar qualitative
trends in the theory and in the experiment.
(iii) The excitation 10 just below the, threshold gives
the widest spectrum free of the complications coming from
the Coster-Kronig conversion. In this case, the theory pre-
dicts that the transferred energy scale becomes wider with a
| dominant loss at around 5 eV and a tiny feature at much
i greater transferred enerdgt about 10 eY. In addition, in
RSN | T the experiment the energy scale is more expanded and per-
10 5 0 10 5 0 haps the feature at 5 eV is seen. However, the general shape
4— Transferred energy (eV) of the calculated spectrum is different from the experiment

. . mainl ncerning the intensity of the elasti k. More-
FIG. 7. Comparison between theory and experiment on mag- ainly conce g the imensity of the elastic pea ore

netic Mn impurities in Ni with excitations from 6 to 10 specified in over, there is no way of extracting a Raman spectrum in

the upper panel of Fig. 1. The left column gives the extracted Ragcceptable agreement with the theory at transferred energies

greater than about 6 eV. In this region of thev(,, hvg)

persive part as explained in the text. The right column gives théDIane a theory based on a single ion is thus not appropriate.

theory including the effect of the experimental bandpass and of thd €fféct the model does not account for the charge fluctua-
partial polarization of the incident beam. tions between the Mn ion and the environment including the

Ni 3d derived states and the conduction band including the

_ . 4s contributions from Ni and from Mn impurities. In the
the excitation energy between localized and extended stat(?éa”ty these fluctuations can take place and might be the

during the excitation, seems promising. In fact, in other casegrigin of the observed loss. Of course, this is only a conjec-
such as La meté this model gives a good position of the tyre deserving further investigation. In this energy region the
nondispersive component, without using adjustable paramsityation is different with respect to NMn Al reported in
eters. A calculation of this kind for a magnetic system is stillRef. 8 where it seems that there is only a nondispersive fea-
lacking and could be stimulated by the present results.  ture around—12 eV. This comparison cannot be done in
The dispersive measuremeiitereafter called “extracted more detail since the data on AWin;Al;5 as presented in
Raman spectra” obtained from the raw measurements byRef. 8 do not allow the correction due to self-absorption/
subtracting the nondispersive components are compared witaturation that is expected to be very important for the rea-
the calculations in Fig. 7. The theoretical simulations includesons discussed in Sec. V.
the effect of the partial polarization of the incident beam and (iv) With hy;, well below thel 5 threshold, both the ex-
of the experimental bandpass in the incident and in the emitperiment and the theory give a single Raman dispersing
ted photon bear® The simulations do not include the effect peak. This has essentially no inelastic tail, as shown by the
of self-absorption/saturation that reduces the measured diaw data in case 2 of Fig. 1. Thus there is no need of extract-
chroism around thé 5 excitation with small effects on the ing the Raman spectra and the theory agrees directly with the
other spectrdSec. V. experiment. For space reasons, we do not give details on this
If we neglect for the moment case 10, the comparisorpoint.
given in Fig. 7 shows a good general agreement between The limitations of the above treatment deserve some com-
theory and experiment, as far as the trends and the spectnaent. The larger dichroism in the emission calculations

#6
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(typically by 25% comes from the condition of fitting simul- L, 3 thresholds of magnetic Mn impurities in Ni. This is a

taneously the emission MCD and the absorption MCD. Thisprototypical case of magnetic impurities, a field not yet ex-
shows the great importance of treating jointly the two sets oplored with emission dichroism. We have shown that mag-
results. If this constraint is relaxed, it is relatively easy tonetic impurities are particularly convenient to this end, since
obtain a better agreement with the emission measuremenggost of the problems coming from self-absorption/saturation
since it would suffice to increase the reduced temperature byre eliminated. Consequently, the extraction of the relevant
using Tr~2.2 in place of 1.5. However, this would give an information from the measurements is much simpler and
absorption MCD not fully compatible with the experimental g4er than in the other cases. The joint consideration of ab-
information. In this connection, a variety of problems COUIdsorption MCD and emission MCD is greatly useful since it

S . . n&ves a further constraint in the theoretical fitting. The ex-

point is to account for the noninteger occupation (?f the Ivm'perimental information on absorption MCD has been ob-
3d shell. The ground-state calculations by Zéffegive an tained by the analysis of the specular reflectivity measured in

occupation of the Mn-8 shell within the Wigner-Seitz the same experiment. We stress that it would have been im-
sphere of 5.43 electrons which is roughly 10% greater than P .

the 5 occupation assumed here. The trend towards an OCCBQSSibIe to calibrate the absorption MCD without the reflec-
pation greater than 5 is also found in Mn chemisorbed orjf'vity measurements. The spectral components dispersing

Fe(100 accordingly to Ref. 30(Mn-3d occupation 5.23 yvith Fhe inc_ident pr_]oton energy have be(_en dis_cusseo_l in con-
from theL , 5 absorption fitting. Moreover, also cluster cal- Junction with multiplet splitting calculations in a simple
culations deserve to be explored mainly in connection withNic model with crystal field. Even in a metallic case as th(_a
excitations well abové 5 (see the above discussion of exci- present one, the model accounts for all measured trends with
tation 10. However, all these treatments have probably tothe exception of the excitation well abolg (i.e., just below
wait for an assessment of the more drastic approximatiof2). The difference between the measurements and the dis-
implicit in the whole work done up to now in emission di- persive theoretical spectra gives the nondispersive compo-
chroism, to the authors’ knowledge. This is the assumptiomment already visible in the raw measurements. The shape of
that the branching ratio to the Auger decay of thg; core  the nondispersive component has no evident correlation with
hole with respect to radiative decay is polarization and enthe calculated ground electron states of Mhi® Ni. This

ergy independent. Only in this case it is legitimate to de-does not support a straightforward interpretation of the non-
couple the radiative and the Auger decays, by treating theispersive component in terms of spin unbalance of the
photon scattering as it is done usually and as done here. Hccupied states at variance with other cases present in
this is not the case, the dichroism seen in the photon channgle |iterature. The future implications, both theoretical

can be influenced drastically by that in the Auger channepnd experimental, of the present results have also been
which is the dominant dec&y. This argument is also sup- giscussed.

ported by the unpolarized calculations on Ni of Ref. 21,
showing that the branching ratio between Auger and radia-
tive Ly decay is not strictly independent on the excitation
energy. The study of this problefhboth experimentally and

computationally is probably the most stimulating perspec- .
tive suggested by the present work. Its clarification could | N€ authors are deeply indebted to F. de Groot and to P.
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