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An interpretation of the spectral features in the INj x-ray absorption near-edge structure and x-ray
magnetic circular dichroism signals is presented, based on both one-electron multiple-scattering and atomic-
multiplet calculations. Neither of these approaches is fully satisfactory. Although most of the observed features
are reproduced by one-electron calculations, the pronounced peak about 3 eV above the edge is not. Con-
versely, the peak at 6 eV and the smooth plateau just beyond are not reproduced by the multiplet calculations.
The lack of the 3-eV feature is attributed to the neglect of many-body effects in the interaction between core
hole and final-state" configuration. The observed negative plateau betwegandL , edges is attributed to
transitions to spin-polarized continuuad states, and the 6-eV peak, to multiple scattering paths of interme-
diate range and disappears for Ni clusters smaller than 13 atoms. The necessity of both one-electron and
atomic-multiplet calculations to explain all features in the data demonstrates the need for a combined approach.

l. INTRODUCTION atomic-multiplet®1*(AM) and real space multiple scattering
(RSMS calculations>=*" AM calculations generally repro-
X-ray magnetic circular dichroisftXMCD) and x-ray ab- duce experimental results close to the; edges of transition
sorption near-edge structuréXANES) are powerful, metals'* However, the AM theory quickly becomes less re-
element-specific tools for obtaining information about mag-liable several eV away from the edges. For example, at-
netic systems. Various XANES and XMCD sum rules havetempts to interpret the 6-eV satellite in terms of multiplet
often been used to investigate spin and orbital moments iffects™***“were inconclusive. Within the AM approach, the
3d transition metald.In this paper, we use theoretical calcu- réatment of the atomic environment is greatly simplified,
lations to interpret the various spectral features in XANESNd usually reduced to one or more crystal-field parameters

and XMCD at the NiL, 5 edges. Ni is a particularly instruc- determined l?y fitting to prerimer!t. In laddition, this ap-
tive case for comparihg theory and experiment amodg 3 proach contains only localized atomic orbitals and, therefore,

elements, because the andL , edges are well separated by fails to reproduce the XANES above about 6 eV of the edge,

X . . where th ntribution from transitions t localizée.
about 17.5 eV, the maximum separation possible for ferro ere the contribution fro ons to delocalizee.,

e 3 | hi . i detailed i continuum d states is dominant. On the other hand, the
magnetic 3 metals. This separation permits a detailed in-oy, initio RSMS approach treats the atomic environment in

vestigation of the region between the edges, where severglmg of multiple scattering without adjustable parameters,

interesting features are observed. ~and generally gives good agreement with experiment ¢br 3
XANES and XMCD of NiL, 3 edges have been studied {ansition metals, except very close to the edge. As discussed

previously both for bulk NiRefs. 2—4 and for films>°For  previously!®1718the 6-eV satellite in XANES is reproduced

example, these spectra have been used to investigate chan@gsone-electron calculations. In particular, this peak has been

in electronic structure as a function of film thickness inattributed to a critical point in the band structure, and is

Ni/Cu,®> Ni/Fe®? Ni/Co/Cu/ and Ni/Pt(Ref. 8 films. Simi-  therefore associated with multiple scattering. In this paper,

larly, modification of the electronic structure by stepwisewe reanalyze all spectral features observed in high-resolution

oxidation has been investigatdGeveral interesting features experimental data using both AM and RSNIRef. 16 cal-

are observed in the XMCD signal, including an extendedculations, and thereby derive an interpretation that encom-

negative plateau between the andL; edges, and notable passes both single-electron theory and many-body multiplet

satellite structures at 3 and 6 eV above theedge. How- effects.

ever, an unambiguous interpretation of these features has

been lacking. For example, it is not clear whether the shape Il. THEORY

and area of thed 3 white line in x-ray absorption spectra

2
S(E—Er+E), (1

(XAS) is determined only by one-electron processes or The x-ray absorption coefficient can formally be obtained
sorption cross section in detail and to evaluate separately the  uj(E)~ ‘< I 2 &i eelk T
contributions from single- and many-particle excitations. LF

whether multiplet transitions and other many-particlefrom Fermi's golden rule:
excitationd®~12 also contribute to the overall intensity. To
answer these questions it is important to understand the ab- >
F
Several different approaches are currently used to calcu-
late XAS, each of which stresses different aspects of thevhere|l) and|F) are many-bodyN particle wave functions
electronic structure. In the present paper we use botfor the initial (I) and final (F) states of the system. For an
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atomic system one can calculate approximate many-body
states, e.g., as linear combinations of Slater determinants.
For high-energy continuum states, the atomic calculations
are well represented with a separable approximation: i.e., the
final N particle wave functiofF)=|f)|Fy_,) is a product

of a single-electron photoelectron wave functiéh and an
N—1 particle wave functionF'), where the prime denotes
guantities in the presence of a core hole. This approximation
works well far above threshold, but ignores the effect of

IS
T

Absorption (arb. units)
N

neighboring atoms and many-body effects. However, these 0 . . ; .
problems can be corrected for by including various multiplet <100 10 20 30 40
states and by introducing crystal fields to simulate the effect E-E, (8V)

of the environment. In this paper we use the AM code of
de Groot* to treat such effects.

On the other hand, multiatom, one-electron theofeeg.,
band structure or RSMSaccount well for the effect of the o ] ]
environment on the final-state wave functidi without any accognt pontrlbutlons from localized atomic .states. The 3-eV
parameters, but usually neglect multiplet splitting effects. Insatellite is clearly seen in the AM calculations, and corre-
this paper we use the real space Green's-function odeSPOnds to the asymmetric shafme shoulder on the white
FEFF8 In the RSGF method the x-ray absorption coefficientlin€ of the of experimental XAS.
¢ for a given edgg and polarizatiore can be obtained from The XMCD signal calculated byerrsfor a cluster of 50

h in-d dent lect densit - £ atoms and measured in experiment are shown in Fig. 2. A
_?msg'(nx', ipé)n ent, one-electron density mapifx,x’,E) bigger cluster does not produce any significant changes, but

for a 13-atom clustefdotted curve in insgtwith only a
. Jre e RO single coordination shell, the 6-eV feature is missing. Ni
ni(BE)~(jle"-r'p(xx",E)e-1[)O(E-Eg), (2 |_shell XANES and XMCD in films has been studied in
o - ; ~ various works>’ The overall agreement between experiment
where|j) 'S_ th? core statebr IS th? Fermi energye is the and theory for XMCD is good, except that agdfig. 2) the
x-ray polarization vector, ana=(r,s) denotes space and RSGF calculations miss the 3-eV peak. From Fig. 1 it is
spm, variables. In this approach ?he full Green’s functiongjear that such a peak can arise from AM splitting of the
G(x',x,E) naturally separates into central atom andmain peak. Hence this appears to be a many-body feature
multlplg—scat.te_rmg ter.ms, an.d is cglculated _mcludmg SPiNthat one cannot expect to obtain from broadened one-
and spin-orbit interactions using an interpolative approdch. glectron calculations. The intensity of the main peak or white
The ab initio self-consistenterrs code has a number of jine dominates the sum rules for orbital and spin moments,
advantages. It naturally includes final-state broadening dugnq hence the integrated intensity of the white line in XMCD
to core hole lifetime and photoelectron self-energy shifts. Ing roughly proportional to the spin moment.
addition, the code permits quantitative calculations of XAS |, some works. both the 3-eV and 6-eV satellites have
up to very high energie®f order 1000 eV above threshold  peen assigned to multipletsn this interpretation, the satel-

while traditional band-structure codes usually are limited tQjjjeg correspond to transitions to singléteV) and triplet(3
20-30 eV above the edge. Its disadvantages are that the cogg) states of the final @53d° configuration, split by the

is based on an effective one-electron calculation with muffin-
tin potentials and all many-body effects lumped into an ap-
proximate self-energy. The calculations here are carried out ) ' ' '
for initial (ground state potentials, rather than with a core

hole. For 3 transition metals and systems with more than

half-filled d bands, such initial-state calculations usually give -
better agreement with experiment than calculations done
with final-state potentialfully screened core hol& and 0.0
represent important exceptions to the “final-state rule,” i.e.,

the prescription that one-electron calculations of XAS should F;
be carried out in the presence of a core hole. Such exceptions 0.1 /
are not unexpected for systems with a nearly completely H
filed band?? |

FIG. 1. L, ; edge XANES, as calculated by RSM&ashesand
AM theory (dotg and from experimengsolid).
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Ill. RESULTS AND DISCUSSION -0 O 10 20 3I0 40

Figure 1 shows the Ni, 3 XANES obtained from experi-
ment and from both AM and RSMS theory. Although the  FiG. 2. L,, edge XMCD, as calculated by RSMS theory
overall shape is reasonable agreement, the amplitude discregrashes and from experiment(solid). Inset: L, edge XMCD
ancies are due mostly to the approximate treatment Ofdashesfrom theory and experimerisolid); theory for a cluster of
Debye-Waller factors in the calculations. These AM results13 atomgdots, and atomic background contribution to the XMCD
are based on a singlé® configuration and only take into signal(dash-dot
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core-valence exchange interaction. The singlet state cann®SMS calculations with only finadl states(i.e., withouts
be reached from a tripletd® initial state unless one allows contributiong, but did not see any difference within the line
spin-flip transitions due to the@spin-orbit interaction. A width in Fig. 2. This failure of the "diffuse magnetism”
related investigation was conducted in case ofinterpretation is perhaps not unexpected, at least for bulk
photoemissios! We believe, however, that the effect of Systems. For bulk fcc Nis states can contribute as much as
spin-flip transitions is negligible in this case, and present % to the total spin momeft.However, the matrix element
evidence that the 6-eV satellite is predominantly a multiplefor transitions tos states is about an order of magnitude
scattering effect. For the 3-eV satellite, however, the multipSmaller than that for transitions thstates. In addition, the
let explanation is reasonable, and its presence is indicative dpatrix elements are smooth functions of energy and, as a
limitations of one-electron theory. result, the contribution frons states is evenly distributed in
Both the 6-eV feature in XANES and the zero in the an extended energy range, and not just in a 5-10-eV interval
XMCD signal at about 6 eV are correctly reproduced by ourbetweenL, and L3 edges. Therefore, we conclude that the
RSGF calculations. Within MS theory, these features can bebserved negative plateau betwelep and L, edges and,
viewed as the effect of multiple scattering from the environ-similarly, the extended positive tail above the edge is due
ment (dashes in Fig. Ron top of a smooth atomic back- to transitions to spin-polarized continuued states. Our
ground signaldot-dash. The importance of multiple scatter- RSMS calculations also show that the unoccupied part of the
ing in magnetic L-edge EXAFS of 8 elements was d density of states has long tails extending up~ta5 eV,
previously noticed® From XMCD theory the XMCD signal i.e., much broader than one would expect for a single atom.
is the difference in XAS between spin-up and spin-downFor this reason, AM codes cannot reproduce them, even with
components, i.e.u™—u~. Thus zeros in XMCD can be substantial crystal fields. Such long tails in XANES are im-
interpreted as the energies where the spin-up density of stat@grtant for an accurate application of the sum rules, since the
(DOS) is equal to spin-down DOS, while the extrema corre-L3 plateau is small, but not negligible near the miajpeak.
spond to energies where the spin-up and -down DOS have
the largest differences. Alternatively one can say that the IV. CONCLUSIONS
XMCD signal is proportional to the derivative of the XAS,

so the zeros of the XMCD correspond to peaks in the XAS, n;hgic; ri}";ﬁl\ﬁ?g”g?;iﬂ?g g;aiﬁ;;n;fo;ﬁiwi;mir'lg ttge
It has been observed that the 6-eV feature disappears aay P ' 9

the case of very thin films. This observation is consistenfjlsemangle various contributions to the experimental signal,

with our interpretation, and since it results from a reductionﬁgr'r; Onti_zle;r::jo?r:rzd rgug'ﬂfaﬁggnﬁ:tﬁgise' Sorr]ot\jvannstlr:;ns
of the multiple-scattering contribution due to an effectively one-eFI)ectron RSMS si?nulations for' Ni. edae XMCD and
reduced cluster sizé=ig. 2 inset, dots Thus we feel that the 5 €dg

disappearance of the negative spin polarization at about 6 eééibrlgpégggcgoalIoﬁgﬁgtgi{/e 2;ut§|?tén _?r)](izefgr;i?é’ k\:\gghbt:een
seen in experiment is due to spin-dependent destructive in- P :

terference from multiple scattering. The RSMS theory alsqbr:gzg g;] asirmnﬁ:gﬁfésem?&t’ tsgrz?\jly;g)g%:r:g:; Svt/)m?eng’
predicts a small oscillation at about 8 eV above ltheedge )

in both the XAS and XMCD due to multiple scattering; how- line peaI.< in thg spectra is clearly due to transitions to the
ever, experimental noise makes this feature difficult to Ob_upoccgmed spin-down & states:. The smoot_h background
serve conclusively. gives rise to a smooth plateau in XMCD, which is traced to

The extended negativ@ositive tail in the XMCD above tsr.a?]sggotgsrgoltqeléogigte;?‘ S}?;?ns'tr;; hgnGTr('eo\;mpgﬁl(alts'r?tzr-
L; (L,) edges is well reproduced by RSMS calculations. The '9 utip ng v :

existence of such tails is not surprising within the derivativemedlate range; indeed, three coordination shells are needed

interpretation of XMCD. Since the atomic background ab—t?[t‘:’i'&ltj‘la%tetéhz pf;ké;ga cfr?rcl;el?vszz r:(%iDcZEtrr]:ll i[tgrsval: d
sorption should become small at high energies, one expec%

. : : multiple scattering contributions. Additional insight can be
to have smooth tails abous; (L,) edges. In Fig. 2 it seems . . ;
that the negative tailplateay betweenL; and L, edges is achieved by the observation that thg XMCD s propor-

slightly more pronounced in experiment than in theory.tlo.nal o the difference in gbsorptlon betwee'n Spin-up and
spin-down electrongneglecting small spin-orbit interaction

However, this discrepancy might be due in part to overlapm final statg. With such an interpretation one immediately

with L, edge, and theory allows one to disentangle these

edges. The broadening of the theoretical spectrum with éxpects a smooth plateau from the central atom, and also
ges. ning . ) P . rough proportionality of XMCD to the derivative of the
only the core-hole lifetime gives too big a signal in the re-

gion below thelL, edge, and this in turn, kills the negative XANES with energy. Although we have analyzed in detal

tail coming from thelL; edge. So instead of looking at the only the XANES and XMCD for Ni, similar results
ming -3 €dge. 9 al "€ re expected to hold for Co in Ni/Co filmd&,and in related

combinedL, andL 5 signals, it is probably better to consider materials

only thelL; edge, as shown in the inset to Fig. 2. One sees '

that the theoretical XMCD signal for the; edge alone

clearly has a negative tail that extends up~t@5 eV above

the edge, and it is clear that this smooth signal is dominated We thank F. de Groot, N. Martensson, A. Nilsson, G.
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