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An implementation of the multiple-scattering approach to x-ray magnetic circular dich(XMcD) in
K edge x-ray absorption spectroscopy is presented. The convergence problems due to the cluster size and the
relativistic corrections are solved using an expansion of the Dirac Green function for complex energies up to
second order in £/ The Fermi energy is dealt with via a complex plane integration. Numerical methods used
to obtain the semirelativistic Green function in the whole complex plane are explained. We present a calcula-
tion of the magnetic circular dichroism at thé edge of bcc iron including the core hole effect. A good
agreement is found at high energy. The physical origins of the XMCD spectrum near the edge and far from the
edge are analyzed. The influence of the core hole, the possibility of a multiple-scattering expansion, and the
relation of XMCD with the spin polarized density of states are discussed. A simple interpretation of XMCD at
the K edge is presented in terms of a rigid-band mof80163-18206)02733-4

. INTRODUCTION K edge are numerolis° we believe that the use of a semi-
relativistic approach is still justified. Ebert and collaborators.
X-ray magnetic circular dichrois@XMCD) in a magnetic have showff that MCD effects are proportional to the spin
sample is the difference between absorption spectra obtainexbit interaction, so that our first-ordén 1/c?) semirelativ-
from right- and left-circularly polarized x rays. This experi- istic treatment is quantitatively correct. Its main advantage is
mental technique was discovered in 198Tnd gives infor- that spin and space variables are uncoupled at zeroth order.
mation on the magnetic contribution of each orbital and ofThis enables us to use the full local cluster symmetry to build
each atomic species in a sample. Still, currently, the detailed clearer physical picture and to make orientation averages.
mechanisms that give rise to XMCD at tikeedge are not The smaller scattering-matrix dimension of the semirelativ-
entirely clear near the edge and are unknown far from it. Théstic approach allows for the calculation of larger clusters
purpose of the present paper is to understand XMCD at thand broader energy ranges. Finally, the existing multiple-
K edge over the whole energy range used in experimentscattering numerical programs can be extended to calculate
Our main tool is a semirelativistic equation which is very the XMCD. For instance, Ankudinov and Rehr have adapted
useful from a computational point of view, and which can betheir FEFF progrant’ to calculate the extended structure in
used to calculate other relativistic properties, such as magKMCD at the L, edge of rare earths andd5transition
netic anisotropy. metals. They obtained good agreement for gadolinium. A
In a previous paper, we described a preliminary approackimilar adaptation is possible, although more complex, for
to the calculation of the x ray magnetic circular dichroismK edge spectra.
effect in x-ray absorption spectroscopy, within the frame- Here we report on the calculation of thé-absorption
work of the multiple-scattering theofyWe assumed that spectra and the XMCD of Fe in the presence and absence of
XMCD at theL ), edges of rare earths andi Sransition  a static core hole in theslstate. The influence of the core
metals has a simple interpretation and that XMCD atKhe hole was taken into account by the final-state rule which
edge was the most difficult case, because the spin orbit acessumes that the final-state energies of the x-ray absorption
on the photoelectron, which makes a physical picture diffiprocess are measured in the presence of a static core hole;
cult to build. From the experience that was gained in the.e., the dynamics of the excitation process is negletted.
intervening yearswe know now that thé i edges of rare  This rule has been used with success to explain satellite
earths are more complicated than expected, and somsdructures on the high-energy side of the emission spectra of
progress has been made towards a reliable practical use simple metal€?® In particular, for Na and Al thel
the experimental resufts at theK edge of transition metals. emission satellites on the high-energy side of the main lines
Although fully relativistic calculations of XMCD at the due to the double ionization of thep2core level are well
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reproduced by the calculations if the excited atom is treatedMCD faster and to understand some aspects of the experi-
as an impurity and the static electron hole interaction is inmental spectra closes the paper.

cluded in the calculatiof®>® The final-state rule was also

used to calculate thd ,, edge of 8 transition metal

ferromagneticéf‘ and the effect of the core hole is found to Il. RELATIVISTIC EXPANSION

be very important. The determination of the self-consistent

potentials is carried out within the local density approxima- A. Foldy-Wouthuysen transformation

tion with a linear muffin-tin orbitalLMTO) basis set> We The relativistic corrections to physical phenomena are

use a supercell geometry and treat the excited atom with asually treated using a perturbation approach developed in
core hole as a single impurity atom in a lattice. &dlectron 1950 by Foldy and WouthuysdfW),?® who made a unitary

is added to the conduction states in the supercell, and we l&tansformation to eliminate the coupling of the large and
the system oN+1 electrons relax self-consistently. We have small components from the Dirac equation and obtained, to
found that the photoelectron localizes on the excited atonzeroth order, the Pauli Hamiltonian and, to first-order in
providing an efficient screening of the core hole. As in the(1/c?), the spin orbit, Darwin, and kinetic energy correc-
case of theL ,,, edgé* up to 80% of the photoelectron tions. Later, th.is Hamiltonian was taken as a starting point
polarizes as a minority spin. Thus, the electronic structure ofr the calculation of many physical properties, such as mag-
the excited Fe atom is very close to that of a cobalt metaln€tic anisotropy, XMCD, or magneto-optic effects. Some-
However, in this calculation we have found that the effect ofimes the spin orbit term is used in a second-order perturba-
the core hole on thé&-absorption edge and the XMCD is tion theory, overlooking that the FW transformation must

small, and this is because tpestates of Fe are less affected tmhglncﬂzzi:tirzzad(Ia—|g\?vé?/esre(\;/Sr?gnogfr[:%’tooﬁhr;(iavr?efr(-)crj_r der
by the presence of the core hole. y: ! ying 9

) L . transformations, strongly divergent terms are found even for
In this paper, the determination of the absorption spectr ansformations, strongly divergent terms are found even fo

. ) o . ; e simple case of a hydrogen atémThe second-order
and the XMCD is carried out within the multiple-scattering “correction” is a sum of infinite terms. Additional informa-

theory. During the implementation of our early formalism We tion concerning the convergence properties of the FW trans-
encountered several difficulties that convinced us that thg, mation can be found in Ref. 28.

naive approach used.in Ref. 2 to take spin orbit effect into  gyen at the 12 order, the behavior of the Hamiltonian
account is mathematically not sound. In the present papephtained by adding the kinetic energy correction to the non-
we use a different mathematical framework for the calcularelativistic Hamiltonian is so bad that all negative eigenval-
tion of XMCD, which can be generalized to take relativistic ues (bound_statesdisappear, and a continuum of states is
effects in the valenced shell forL ,,, edges. This approach obtained between-« and mc?/4, however smallc may
gives a direct expansion of the Dirac Green function in pow-be?® In some case%2 only the spin orbit interaction is
ers of 1¢, it overcomes the divergence of the Foldy- added to the nonrelativistic Hamiltonian. For a Coulomb po-
Wouthuysen transformation through the use of complex entential, the negative spin orbit term pulls the particle into the
ergies, and it leads to results in reasonable agreement wigiingularity and the resulting Hamiltonian is not essentially
experiment. self-adjoint (it can have any eigenvalue, depending on the

Some of our results are useful only for x-ray absorptionchosen self-adjoint extensiph~>*Physically reasonable re-
spectroscopy, but others can have wider applications, such &sllts could be obtained by choosing the boundary condition
the convergence of the semirelativistic limit and the properWhere the wave function is zero a&0 but this process is
ties of the Green function at complex energies. mathematically ambiguous. _

The remainder of the paper is organized as follows. In 10 Summarize, the series obtained from the FW transfor-
Sec. Il we point out the limitation of the Foldy-Wouthuysen Mation exhibits three kinds of divergendg} The series it-

transformation and give a method for the determination o?e” d|ver_ges, V\_’h'Ch IS l_JsuaIIy not a proble_m since most
the relativistic effects within the Green function approach.Perturbation series used in quantum mechanics are divergent

We then apply the Green function framework to the calcula—(e'g" Zeeman effect, Stark effect, anharmonic oscillztbr

tion of the XMCD signal. In Sec. Ill the use of complex (i) from the second-order term (£}, each term of the se-
energies is discussed a'nd a co.mplex plane integration ries is a sum of infinite terms that should add to a finite term,

But no procedure is known to carry out this summafiband
used to take the Fermi energy into account. In Sec. IV w P y )

o ) ,?iii) the first-order term of the serigspin orbit coupling
present the numerical implementation that we used, and 9Viverges as the cluster size increases.

the XMCD cross section formula at the edge. Finally, we Recently, all these problems of the semirelativistic limit
present a calculation that was carried out on a reasonablyere solved using modern mathematical methods, and we
large Fe cluster of 259 atoms near the edge and a cluster gfopose to use this formulation for the calculation of XMCD.
51 atoms up to 500 eV. Good agreement with experiment i®ther approaches to the semirelativistic limit of the Dirac
found in the high-energy region. Various issues, such as thequation were proposed by quantum cheniist§.

influence of the relativistic core hole, the origin of XMCD at
the edge and far from it, and the possibility of a multiple-
scattering expansion, are discussed. The spectra are related to
the density of states through a simple rule, and the rigid-band The standard method to calculate relativistic effects
model is found to be correct at high energy. An appendixwithin the Green function approach is to consider the spin
showing how symmetrized bases were used to calculaterbit and other terms as a perturbation of the Hamiltonian,

B. Semirelativistic (1/c) expansion of the Green function
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and to use the Lippmann-Schwinger equation corresponding Here, we start from the retarded Green functi®R(z)

to that perturbation° This procedure is not mathematically corresponding to the Dirac Hamiltonian with potentiaithe
safe and leads to divergences. Another approach to XMCIDirac Green functiopnand we use a slight modification of the
was proposed by Natdli where the Schidinger equation analytic 1¢ expansion of3P(z) that was obtained in Ref. 28
including spin orbit was solved for each muffin-tin sphere. (see Ref. 38 for a detailed prgof

G(2) G(2)A'/(2mc)

D _ _ -1
@I aGz2me [AGE@AT+2ml/(2me?)"

1)

value ofl.*® In our approach, this coupling is made consis-

where tently with 1k through the expansion process.
0 G(Z)AT(V—Z)/(ZmC) C. Application to XMCD
T@={, [AG(2)A!+2m](V—2)/(2mc)?]’ 2 In x-ray absorption spectroscopy, the spin orbit parameter

for the core hole has a magnitude of several hundreds of eV
and cannot be consideredpriori small. Furthermore, rela-
All matrix entries are X 2 matricesA=—ifio-V ando are  tjyistic effects in x-ray absorption have been shown to be
the Pauli matrices, an®(z) is the Green function for the considerable both theoreticélfy and experimentall§’
Pauli Hamiltonian with potentiaV. V is generally a X2  Therefore, a fully relativistic core hole wave function must
matrix that describes the potential experienced by the elege used. This is not easy within the standard semirelativistic
trons with up and down spins. In the simplest cageés a  approach. In the electric dipole approximation, the relativis-
diagonal matrix made up &f' andV'. The successive terms tic formula for the x-ray absorption cross section is
of the relativistic expansion are obtained by the series
[1-T(2)] '=1+T(2)+T%2)+---. This expansion gives  o(€)=—4maghw(i|(e*-1)IM[GP(r,r’;2)](e-r")|i),
a very compact formulation of the correction terms. For in- (
stance,' the first-order correcthn to a nond'egenerate .boum\;\?herez=hw+Ei+iO, E, is the energy of the core level
state eigenvalu&, corresponding to the eigenstdt) is i dz is the x- larizati tor. Th lculati ¢
given by AE=( | AT(V— Eq)A| #), 2 which contains the ki- i), ande is the x-ray polarization vector. The calculation o

netic energy correction, the Darwin correction, and the spi the fully relat|V|st|'c ".“.t'al state|i) pr(,esents no difficulty,
. : v SO >Fthanks to the availability of Desclaux’ prografhin Ref. 2
orbit correction. Because of this simplicity, formal manipu- L
: . i . we supposed that the relativistic effects on the valence and
lation can be carried out much further, for instance, to obtain_ ~ . )
continuum states are weak. We show in the present section

a consistent second-order expansion of the spin orbit inter-hat this suoposition is not alwavs true

action. Another aspect of this expansion is that the smaﬁ The ianuEFr)\ce of relativistic effyects oﬁ the photoelectron is

components are not eliminated, which will be useful for : ; : €p ;
obtained by the series expansion of the Dirac Green function.

X-ray absorption spectroscopy. ) CoR ) §
It was shown that expansidh) is analytic?® but its actual 10-23 3'(;2‘;’ iﬁrf;?g function in Eq1) is expanded up to sec

radius of convergence was investigated only recently. Pre-
liminary result§®* for the Dirac Green function without & ,;{~x . ~D~ ./:

: . (i|€*-rG e-r'|i)
potential showed that the radius of convergence was a func-

tion of the imaginary part of the energy. For a Dirac equation  =(¢|e* -rGe-r'| ¢)

with a potential, the Green function expansion could be 1

showrf? to pe convergent only when the imaginary part of + —<¢|E*-rGAT%-r’|¢>
the energy is greater thanc® (a very bad resolution indegd 2m

However, the convergence can be much better when a physi-

cal property is calculated instead of the general Green func- + ——(|e* -TAGe-T'| )

tion. For instance, the convergence of the bound-state energy 2mce

expansion is fast®*3Physically, the idea that can be drawn 1 i i

from these mathematical results is that the use of complex + W<¢Ie*~rGAT(V—Z)AGG'T'|¢>

energies makes the semirelativistic expansion converge,

whereas it diverges on the real axis. This idea will be de- 1 y fn

tailed in the next section. + W(‘MG T(2m+AGA ) e-r'|4), 4
From the formal point of view fully relativistic programs

require a coupling of an infinity of differertvalues due to where the two-component spindig) and|) are the large

the magnetic field* Up to now, the coupling betwednand ~ and small components of the Dirac spinoy. In our previ-

|+2 was neglected, which limits the maximum possibleous approachwe have neglected the relativistic nature of the
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core state, and used only the spin orbit interaction; as a con- Divergence at real energies
sequence we had obtained only the first and a part of the
fourth term. Formuld4) is valid for a non-muffin-tin poten- 2
tial; the use of non-muffin-tin potentials is probably required
to achieve a quantitative estimate of XMCD. In all the terms
of Eqg. (4) only the fourth term yields magnetic circular di-
chroism for a powder sample. Therefore, in the following,
we call o the spectrum obtained from the first term,

bee-Fe 259 atoms |=3

(rel. units)

oo()=—4maghw Y, (¢%(e*-1)IM[G(r,r";2)]

X (e-1")|¢%), 5
where the sum oves is the sum over initial statggwo spin
states for &K edge. For a powderg, does not depend on
€. We callo; the spectrum obtained from the fourth term of 2L ; - ‘ P i
Eq (4)1 . ' Energy (eV) )
01(%)2 _47Ta0ﬁw2 <¢s|(g* -r) FIG. 1. CalculatedK-edge absorption spectrufthick line) and
S

x-ray magnetic circular dichroisntthin line) of a cluster of 259

AT(V— 2)A atoms of bcc Fe near a singularity at the vicinity of Fermi level.

X1im G(Z) (2I’TI—C)2G(Z) (% I’,)| ¢S>, (6)
the cluster size increases, one comes close to the singularities

and oycp=o1(¢7) —a4(e") for an external magnetic field Of the crystal scattering matriX. The second point is that

aligned with the x-ray wave vector. omep IS larger tharo. This unphysical result proves that the
More precisely, we have in the fourth tefin spin orbit effect is not a small perturbation of the system in
that energy range. This illustrates the fact, discussed in the
AT (V=2)A=—14[(VV-V)+(V-2)A+io-(VVXV)]. previous section, that the relativistic expansion is generally

(7) not convergent at real energies. It may be worthwhile notic-

. . . . ing that this divergence of the relativistic expansion is not
On the right-hand side of the above equation, only the thlrddue to thez/r3 singularity of the spin orbit interaction in a

term contributes to XMCD at th& edge, because the first Coulomb potential.

two terms do not connect space and spin variables. In the Moreover, the experimental resolution at teedge of

case O.f sphe;n_cal pote_ntloals, one obtains the usual formula fotFansition metals is of the order of 1 eV whereas Fig. 1 shows
the spin orbit interactior’

much sharper structure. Therefore, the usual method of con-

52 a?a2 1 dv voluting the theoretical spectrum with a Lorentzian profile
_i_zg.(v\/xv):ﬂ__/.Uzg(r)/.(,_ for comparison with experiment would mean calculating

(2mc) 4 rdr much more points than actually needed.
(8) For real potentials, the singularities of the multiple-

We took this formula for convenienteto make contact with ~ Scattering matrix are on the real axis, and the use of a com-
Ref. 2, but it is also possible to act wihandA' directly on  Plex energy smooths the sharp structuregfinked with the

the Green function. This would be much simpler if all rela- cluster size. We show in the next section that the conver-
tivistic effects(and not only XMCD were investigated®’ ~ gence problem of the relativistic expansion is also solved by
In principle, o1(¢ ) + o (¢*) contributes also to the normal calculating the Green function at complex energies.

absorption spectrum, but this relativistic contribution was as- Finally, we work within a real-space multiple-scattering
sumed to be small as compareddg. approach, so that the cluster is assumed to be of finite size.

Finally, to obtain the influence of all sites, the potential The relativistic expansion of the Green function for an infi-
V must be written as a sum over all sites plus an interstitialit¢ crystal was studied in Ref. 54.
potential. Because the operatér is translation invariant,

each s_ite can be taken as Fhe origin when making the trans- IIl. COMPLEX ENERGIES
formation(8). In the muffin-tin case, it can be shown that the
interstitial region does not contribute to XMCD. In this section, we justify the use of complex energies,

For real energies, XMCD calculated within the presentand we show how this simplifies the calculation of physical
approach is formally identical with the results of Ref. 2. quantities. We assume that the potentiélis a diagonal
Therefore, we can use the latter to understand the real ener@ 2 matrix made up o¥/! andV!, which are the potentials
behavior of the former. For small clusters, the calculation ofexperienced by up and down spins. These potentials are as-
XMCD was easy? but as the cluster size increased, we metsumed to be real. The generalization to complex potentials is
difficulties. Figure 1 shows-, andoycp for a cluster of 259 a nontrivial task’® and the use of an energy-dependent width
atoms of bcc Fe. Both spectra exhibit a very sharp resonandé(E), which can be considered to be the imaginary part of
(width ~ 0.005 eV). This resonance is due to the fact that, asthe potentialconstant over spagevas found to be sufficient
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Im(z) oo(€)=—4mag(i|(e* -NIM[(E+iT—E)G(r,r ;E+iT)]
X (e-r")i). (11)

In other words, the convoluted spectrum is obtained by
calculating the Green function for an energy with an imagi-
nary partl’.

B. Fermi energy

In the previous section, we did not take into account that
Eir all one-electron states up to the Fermi enekgyare occu-
pied. To yield physical results, integréll0) must be carried
out from Eg instead of from—c. This modifies our expres-

0 : — sion in an interesting way. We must now evaluate
E,-ic Eqie Er  Kie Re(z)
1 (+= T (e-E)[GT(e)—G (e)]
E-iF N e— 2 2
. 2i Jg, T (E—e)-+T
FIG. 2. Pole structure of the integrand in ti& term of Eq. B 1 f“ﬁd EVGH &
(12). T am)e, e(e—E)[G"(e) (e)]
to reproduce experimental spectfa. " 11 12
E—-e+il' E—e—-il'|

A. Green function L. .
_ _ This integral can be calculated by a complex plane inte-
The link between the wave function and the Green funcyyation techniqué® Since the self-consistent potentidlis

tion formulas for the x-ray absorption cross section is estabpermitian. the poles oG (e) are ate=r —i e, wherer is a

lished through the identity real number. Therefore, we can choose the contour of Fig. 2
to apply Cauchy’s integral formuf®.The contribution of the
Jordan contour at infinity is zetband we obtain
> [F)(f|8(E~E))= S(E-H)
1f+°° I' (e—E)G"(e)

= e— =7 17
-, (6B -G (B) © 2 e T (Bme)l

i . .
whereG*(E)=G(E=*ie), ande is a positive number that is =~ 0E-ER)(EFIT—E)G(E+ID)

taken to tend to zero at the end of the calculafinis is just i )
a notation to designate an integration path in the complex n EJOC (Ep+it—E)G(Eg+it) (13)
plang. 7)o (Eg+it—E)?+T?

Because of the finite core hole lifetime, the calculated o ) ) )
spectrum must be convoluted by a Lorentzian with a halfi€aviside step functio@(E—Eg) is present in the expres-
width at half maximum(HWHM) T (which may ultimately ~ Sion because, wheB>Eg, the poleE+il is inside the
depend on the photoelectron energy the Green function contour. _ _ _ _
formalism, the convolution with a Lorentzian is obtained by _The second integral in the right-hand siRHS) of Eq.
calculating the Green function for a complex ene¥yfhis (12) is closed on the negative imaginary side, and we obtain

can be shown from the formula finally

rm T (e-E)IM[G"(e)]
de— —— 5 —— =G(E+iT")—G(E—iT). e Cm (E-e)i+T7

te T G*(e)—G (e)
Lc 7 (E—e)2+12

(10) = 0(E—Ep)Im[(E+iT —E,)G(E+il)]
Since  G(r,r’;z2)=G(r’,r;z)  (Ref. 59  and +£fmdtR (Ep+it—E)G(Ee+it) (14
G(r,r';2)*=G(r’,r;z*) for Hermitian potentialsV, we 7)o (Ep+it—E)?+T?

haveG(E—il")=G(E+iT")*.

Moreover, the termiw=e—E; of the absorption cross It can be shown that the right-hand side of Ef) is
section can be taken care of by noticing thatcontinuous aE=Eg in spite of the step functiof?. The re-
zG(z)=HG(2)+1. Thus eG*(e)=HG™(e)+1, which course to this contour integration is efficient, as compared to
gives, after convolution,HG(E+iI')+1=(E+iI'’)G(E  an integration over real energies, because the Green function
+il). is quite smooth on the line=Eg+ it (see Fig. 3and only a

Therefore, few points must be calculated to evaluate the integral. More-
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. e Eq. (6) for z=E+iI' and of an integral over the line
sigma0(z) for z=Ef+it z=Eg+it. The detailed form of the result will be given in
Sec. IV C.

It was observed by Refitthat thermal motion can also be

—————————————— a convergence factor in multiple-scattering calculations. Al-

//// 1 though thermal effects can be formally accounted for in full
- multiple-scattering calculatior®é, temperature effects were
— 1 neglected in the present study.
, Finally, a characteristic of the d7 relativistic term is that
’ — E:E::z:g;f; spin flip i_s not aIIowec_i for povyders. An explicit_cglculation
ol — atomic (Re) ] of the spin flip scattering amplitude shows that it is an order
—— - atomic (Im) of magnitude smaller than non-spin-flip scattering for
Nd®* .85 Experiment® confirm that elastically scattered
electrons are rarely spin flipped.

Ef=0eV bce-Fe 259 atoms 1=3

{rel. units)
~

A ‘ . ‘ . IV. NUMERICAL ASPECTS
0 10 20 30 " 40 50

t(eVv)

The x-ray absorption cross section is obtained from the

(@) sigma1(z) for z=Ef+it ;Islg;tsgr Green function for complex energies, which we write
Ef=0eV bce-Fe 259 atoms =3
0.008 T T T T T

] CRU(rOYM(E)
\ e i ANV AN i
0.006 i G(r"rl ) IK% t/ sin5'/ H/(I’>)

3 RA(r)Y)(F)
] XY™ (P8 +K2 X
\ / ’ S sind',
cluster (Re) 7 .
\ ——~= cluster (im) 1
atomic (Re) 7 ij

/7
- — - atomic {Im) X T/m/rm/+ ?5/,//6m,m’5i,j

0.004

{rel. units)
-

0.002

0.000

(RATDYR ()

) 15
sind,, (19

where k =z, 5} is the (complex phase shift for potential
Vi(r), t,=sins,expd, R.(r) is the regular solution of the
FIG. 3. () =05, + 35, and(b) =4(—1)5 V%5, + 55+ 55, for  radial Schrdinger equation for potential'(r) that matches
complex energies along the lifg:+it (Ex=0). In each case, the smoothly to cos,j («r)—sind,n («r) at the muffin-tin ra-
corresponding atomic quantiti€sog, and =(—1)S %535, are  dius p;, and Hi/(r) is the irregular solution of the radial
plotted, to show the convergence of the full Green function to theSchralinger equation for potentiaM'(r) that matches
atomic Green function. smoothly toh’(«r) at the muffin-tin radius. Finally the

. . . . _ 71 71
over, G(Ex+it) tends rapidly to the local atomic Green multiljple—scatterlr?g matrix is 7=[T, "~ «H] ; where
function of the absorbing site, as shown in Fig. 3. Therefore(Ta) /m/ 1 =~ (L,/K) 61,6, /1 Omm @A H p 00 =
G(Eg+it) can be obtained at highjust by calculating a —4six, ,i”*~'c/,™ hf(xR;)YX(R;). In the last
simple one-site Green function. The vanishing of the neighexpression, the Hankel functiom is defined as the func
bor's influence can be understood through the form of thgjon (1) of Ref. 68. This straightforward extension of the
structure constant ma;cjr ibd (see Sec. IY. TheH-matrix el- o5 energy case is possible because wave functions and
ements have the formd =eprKRi-)P(llxRij)_whereP IS&  phase shifts are analytical functions of®
polynomial. For larget, «=\z= Vt2(1+i), and the We present here the numerical methods that were used to
H-matrix elements describing the influence of the neighborgaculate the Green function and the ground state. First, we
are damped by a factor of exp(/t/2R;;). The integration in  gescribe how the radial wave functions were obtained, then
the complex plane was chosen along a straight line. This i§/e show how the Green function singularities were avoided,
not a steepest descent path but was found to be sufficientiynd finally we explain how the multiple-scattering matrix

efficient. . was calculated.
The above proofs are the same whet€r) is the non-

relativistic or the relativistic Green functiofassuming that _ i

the negative energy states are fullo obtain the expression A. Radial wave functions

for o, after convolution, we start from the results obtained The core level energy and wave function were obtained
with the Dirac Green function and use the relativistic expanfrom the Dirac self-consistent-fieldSCH program of
sion(4). This gives an expression for; which is the sum of Desclaux®
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The photoelectron wave functions were obtained bycross section because Im(was used, which is regular since
adapting the method of Ref. 70 to complex energies. A nonz 1 additional siﬂ'/ factor comes frome'%”. To avoid these

normalized regular wave function is written as _. " i i C o g o
g singularities, one can userf,, +t./«)/sirfd, which is

i/ ; - i
B/(r)—r f/(r).W'th f/(r). fr(r)f'.f'(r)' For the cpmplex smooth. Therefore, all terms of the Green functi@s) are
energyE=E, +iE; the radial Schrdinger equation is

regular.
2(/+1) To avoid the singularities discussed in the previous sec-
/= (V(r)—E)f, - ffr’q—Eifi’ tion, and to use a more symmetric equation, we use a polar

decomposition techniqé@and define a modified multiple-

(/1) scattering matrixr by 7=T,+ \T,7T,. Numerically, 7 is

f"=(V(r)—-E)f,— ———f,'—E;f,, (16)  obtained from the equation
with the boundary conditions f,(0)=1, f,'(0) T=[1—k\THT,] 1. (20)

=-2Z/(1+1),f;(0)=0, andf;’(0)=0, wheref’ andf” are,
respectively, the first and second radial derivatives. athis
system of second-order differential equations is transforme
into a system of four first-order differential equations which
is solved by a forward step-adaptative fourth-order Runge
Kutta method'!

The phase shifts5, are deduced from the Wronskian

7 is a regularized multiple-scattering matrix that describes
ﬂ1e effect, on each atom, of the rest of the clusteis(zero

for a cluster of one atom The matrix elements of
[1- k\T4HT.] are calculated from the phase shifts and
from the efficient algorithm for the calculation bf that was
proposed by Rehr and Albéfsand tested against alternative

equation methods’® The form[1— «yT,H\T,] * combines the ad-
h (ko) R 0)— kh=' (ko)R vantages of the two standard equatians[T, *—«H]*
exp2is,)=— i( p);’/(p) i (<p)R/(p) . and7=T,[1—kHT,] 1. As in the first equation, a symmet-
h, (kp)R,(p)—«h, " (kp)R(p) ric matrix is inverted(when real spherical harmonics are

17 used, so that fast inversion algorithms for symmetric matri-
ces can be uséd.As in the second equation, it is regular
when (ra)ﬁm/,m,:o, so that spurious singularities 61‘;1

are very simply avoided’ Moreover, asymptotic analy$§fs
shows that it is well behaved whefi is large and/orx is
small, whereas none of the two standard equations is. The
Hnatrix is inverted using a standard LU decomposition

The normalized radial wave functiof, (r) are obtained
from R,(r) and the phase shifts.

The irregular wave function is written as
H,=r~(“"Ng (r) with g,(r)=g,(r) +ig;(r) and obtained
by a backward step-adaptative fourth-order Runge-Kutt

method® from the boundary condition$i  (p)=h’ (xp), technique®
andH/(p)=«h}'(kp).
B. Multiple-scattering matrix and singularities C. Cross sections
in the Green function The detailed expression of the absorption and XMCD

Formula(62) of Ref. 2 could not be directly applied be- Cross sections for a powder relies on the orientational aver-
cause of possible infinite normalization factors arising from@ding technique used in Ref. 2, and more calculation steps
the matching of the wave function at the muffin-tin radius to@re given in Ref. 52. As in Eq14), all cross sections are
a sum of Bessel functior8.With the present normalization Written as the sum of a Green function term and an integral.
at the muffin-tin radius, the radial wave functions cannot beVith our modified multiple-scattering matrix, the “Green
singular, but sid, terms arise in the denominator of the function” part of theK edge absorption cross sections at
Green functior{see Eq.(15)]. Therefore, we must examine energyE=%w+E; with a HWHM I" becomes
the behavior of the scattering matrix when &inbecomes
small®? We have

= oo E+iT)+0 3 (E+i
T=Tal 1= kHT ] 1= T+ kTo[1— kHT,] IHT,. 70= 20 IMTo(E+IT)+0 5E+ID). (2D
(18)
Hence, where the sum oves is the sum over the two spin statés.,
the sum of the cross sections calculated for potentialand
i 1 s V). For each spin state one definedq,(z)=
T =~ SIS0/ 1 S (4may/3)(z— E;)ivzexdi &2 IDH(@), which is the atomic
B S contribution to x-ray absorption, and
+([1-kHT ] ), sing, e,

(19 Gon(2) = (4magl3)(z—E))\zDX(2)exi 8(2)]

a.nd_ we see thatrf/m/m/si.rlzﬁ'/ is generally_singulg.r at 799(11,002)
sind, =0 because of the first term. These singularities did

sz (22)
not appear in previous calculations of the x-ray absorption 3sinsy(z)
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which describes the influence of the neighboris=Q  consistent, scalar-relativistic, and spin polarized linear-
denotes the absorbing site We recall that muffin-tin orbital(LMTO) method?® We used the exchange-
1/ ,80;2) =3 m(— 1) (1 —p/mlaa) 79, 1 (2). correlation potential and energy in the von Barth—Hedin
The radial integrals areD(z)=f5°r3dr¢0(r)Rf(r;z), approximation’® For the Brillouin zone integration of the
where ¢0(r) is the |arge component of the core hole WavedenSity of states we used the tetrahedron method with about
function andD(z) = [Zr3dr(r)F(r:z) whereF(r,z) is 300k points in the irreducible part of the Brillouin zorg.

an auxiliary  function defined as F(r;z)= To simulate the effect of the core hole, we treated the excited
F2r3dr go(rYRY(r— :2)H(r~:7) (R, and H', are de- atom as a single impurity in a lattice using a supercell geom-
figed in Sec. IV ,}) = = . ’ etry. We have used increasingly larger supercells to ensure

the convergence of the magnetic moment and the density of
states of the impurity site. The final calculations were done
for a simple cubic lattice of 16 atoms per unit cell, the lattice
. ) _ . parameter being=2a,. The results for the magnetic mo-
2 (—1)S V2[5 (E+iT) + 55 (E+iT) ment and the density of states are close to those of the su-
® percell of four atoms. To use larger clusters in the multiple-

The “Green function” part of the magnetic circular di-
chroism cross section is written

ovcp=Im

~ . scattering formalism we had to assume that the potentials for
+to 1(E+iD)] |, (23)  distant shells are bulklike.
where 714(2) = (47 ay/3)(z— E;)zexg 21832 IM™H(2)  de- _
scribes the purely atomic contribution to XMCEhe Fano A. Near edge region
effect), Figures 4a) and 4b) show the results we obtained for a

converged cluster of 259 atoms of bcc irGiameter 2.0

nm). The convergence was investigated by checking that the
799(11,002) spectral shape becomes stable with respect to the cluster di-

X (24) ameter and by comparing to the results obtained with a clus-
V3sins)(z) ter of 821 atomgdiameter 2.9 nmon a wider energy mesh.

The potentials for the initial statgvithout core hol¢ and for

the final-state(with core hol¢ were obtained by a self-

consistent supercell calculation as indicated above. We used

(—1) touching muffin-tin spheres without overlap. Because of the
12 core hole width =2 eV), absorption is possible at energies

lower than the Fermi level. The effect of the Fermi level is

X expli[ 89(2)+ 8.(2) [} {(2) clear, especially for the XMCD spectrum. With a Fermi level

: ' Er=2 eV, the first positive structure disappears, whereas

, , with Ep=—2 eV, it is too large. Therefore, the size of the

X ;_1‘ [(/—a)(/+a+ 1)+2]§ (1o« first positive peak depends strongly on the position of the

a=

01(2)=— (47ay/3)(z—E;)2izexd 2i 5(1)(2)]D(Z)MH(Z)

is the local contribution due to the spin polarization of the
p states on the absorbing site, and

o1n(2) = (4mayl3)(z— Ei)zDZ(z)jz/

/+1

Fermi level.
. }Oj(l/,aa;z) }01(1/,a—a;2) - (‘jl’hr(]e ag)_sorption an(cjj XMCI?1 crolss sect.ions a(rje rr:ow :lsmopth
sin&?(z)sinéj/(z) and the divergences due to the cluster size and the relativistic

corrections have disappeared. We see also that the spectra
describes the contribution to XMCD due to the spinare continuous at the Fermi energy, although they are given
orbit scattering of the photoelectron by the neighborsby two different formulas folE>Egr andE<Eg. This cor-
and the absorber. The radial matrix elementsroborates the fact that our treatment of the Fermi level is

are  MM(2)=[5ra2dre(r)RY(r;z)F(r;z), MHH(z)= numerically sound.
Jor2dré(r)F2(r;z), and L(2)=[gzr2dré(r)[RL.(r;2)]%, Figure 5 compares our calculation with experiment for the
with £(r) as defined in Eq(8). ' edge region. All experimental and theoretical spectra were

The analysis of Sec. IV.B. shows thafi(1/,aa;z) can  nhormalized so that the absorption edge jump is 1. The normal
be divided by /singjl(z)siné‘/(z), and all terms of the XMCD  SPectrum is not _WeII reproduced. The agreement for the
cross section are now regular. XMCD spectrum is better, although the excellent agreement

For each term, the presence of the Fermi energy is takelj the intensity of the first two peaks is fortuitous, because
into account by calculating integrals along the “nethe_degree of circular polarization was not one for the ex-
e=Eq+it as in Eq.(14): To all IM[o(E+iT)] terms we perimental spectrum. For the calculated spectrum, various

add the integral contr@but@ons are presen.ted. .Th.e sc_>|id thick line is the 'gotal
contribution, and the solid thin line is the local contribution

[ (= o(Eg+it) [oq of Eq. (24)]. In Fig. 6, o,, as written in Eq.(25) is

;fo diR (Ep+it—E)2+T2| (26)  expanded into the contribution of each (/=1,2,3 and

j=0,1,2 (absorbing atom, first shell, second shefor later
use, the results are given without taking the Fermi energy
into account. No termy’=0 exists becaus&'=0 gives no
The converged potentials used in the multiple-scatteringpin orbit. For the absorbing site, the terms with eveare
formalism were obtained by means of an all-electron selfzero because of symmetry. From Fig. 6, it can be observed

V. RESULTS
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Influence of Fermi energy Calculation vs experiment
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FIG. 5. Comparison of the calculatgd) K-edge absorption
spectrum andb) the x-ray magnetic circular dichroistXMCD) of
a cluster of 259 atoms of bcc Fe with the experimental results of
5ef. 4. The Fermi level i€-=0 eV.

FIG. 4. Calculateda) K-edge absorption spectrum afig) x-ray
magnetic circular dichroisfiXMCD) of a cluster of 259 atoms of
bce Fe with different values of Fermi levef= —«,—2,0,2 eV.
For the XMCD signal, the size of the first positive structure depend
strongly on the position of Fermi level, and disappeardHpabove B. Core hole

2 eV.
Two modifications of the core hole were tested. In the

, y ) , first one, the nonrelativistiqSchralingep equation was
that the first positive peatpeaking at 1 eYis not due to the  gqjyed for the core hole. The core hole energy was found to
local term(24), but to the spin polarization of thet states of  pe different, but the 4 wave function was quite similar to
the neighborgmainly the term corresponding t6=2 and  the relativistic one, and the normal spectrum was a bit larger
j=11in Eq.(25)]. This is related to the weak ferromagnetic (because the normalization of the relativistic wave function
nature of bcc Fé,and was already observed on a smallerincludes the small component, which does not contribute to
cluster? and in tight-binding calculatiorf§:%! Both absorp-  the spectrumbut the XMCD spectrum was not distinguish-
tion and XMCD calculated structures are too large from 20able from the relativistic result. Similarly, core hole ex-
eV above the edge. This reduction, which is very common irchange splitting is negligible since the difference between
multiple-scattering calculations, is probably due to photo-the core states obtained with up and down potentials did not
electrons that experience inelastic interaction with the metalyield noticeable effects.

This inelastic effect comes into play above the plasmon en- The second test was conducted to test the influence of the
ergy (about 10 eV and can be included in our calculation core hole on the spectra. Figure 7 shows the normal and
through an energy-dependdnf®®2 The main failure of the XMCD spectra with and without core hole and with a Fermi
XMCD calculation is the presence of a large second positiveenergyE=0 eV. The normal spectra are quite similar, ex-
peak which is absent in the experiment. A similar peak carcept for an overall amplitude factor. The XMCD spectra are
be observed in fully relativistft and tight-binding more different, although the position of the structure does
calculation€®8' although a direct comparison is difficult be- not move. Comparison with experiment does not enable us to
cause of the different normalization used. decide on a model.
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Core hole effect

Neighbor terms
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FIG. 6. Contribution too;,, of the absorbing site and the first &
. [&]
two shells(from top to bottom and for/'=1,2,3. No Fermi energy =
was used. The contribution of a given shell is the contribution of
one atom of the shell multiplied by the number of atoms in the -0.001 ¢
shell. —— with core hole
[ —— without core hole
C. Spin-polarized extended x-ray absorption fine structure -0.002 o ' 20 ‘ 0 ' 60
(b) Energy (eV)

In XMCD at the K edge spin orbit acts directly on the
photoelectron, and it is interesting to know whether the high- FIG. 7. Calculateda) K -edge absorption spectrum afid x-ra
energy part of the spectrum i_s rela}ted to _the spin p0|<”Irizaﬁo?nagne.tic-circular dichroisrﬁX%ACD) ofpa cIusFt)er of 259 atomsyof
of thep States of th? gbsorbl.ng site. Using the. methods deBcc Fe with(thick line) and without(thin line) core hole.
veloped in Ref. 83, it is possible to show that, in the single-
’s-?atteiring apprommat.lon, only th.ep-prOJected term lar to the derivative of the density of states. In other words,
oy — oy survives at high energy. Figure(tB shows the o yiciq hand model becomes correct at high enefay
spectrum obtained with a cluster of 51 atoms, calculating al omewhat surprising resyland the band splitting is about 1
angular momenta up tg’=8, and multiplied by 1/3. The _
cluster is too small to be realistic in_the edge region, but o this result, a very simple approximate expression
above 30 eV, the overall agreement is correct. The peak @l he derived for XMCD. Assuming a rigid-band model, we
110 eV in the theorgtlcal spectrgm should be broe}dened, andi consider that the up and down bands are exchange split
the peak at 60 eV in the experimental spectrum is probablxg,y the energyAE. Moreover, neglecting the nondiagonal
due to multielectronic effects, which are known to be strong. s of the spin orbit operator, one can consider that the
in XMCD spectra at that enerdy.The thin line represents m=+1 components of thgp band are split by spin orbit
the contribution of thg-projected states, which is seen to be coupling ¢/-o. Therefore, for transitions towards
dominant at high energy. Moreover, the calculated XMCD,_1 =1 final-states{left-ci;cularly polarized x rays we
spectrum is in phase with the calculated extended x-ray atﬁave’
sorption fine structuréEXAFS) spectrum. This phase rela-

tion between dichroic and normal spectra was observed ex- ot 1=g(E+AER-?), (27)
perimentally by Pizzini and collaboratdts.

It is sometimes assumed that XMCD reflects the spin po- ot l=g(E—AER+ (), (28)
larization of p states projected on the absorbing atom
(p'—p'). Figure 9 shows that the absorption spectrum is ot ~20(E)+ (AE/2— {)?d?0/d E? (29)

indeed quite similar to thp density of states, but the XMCD
spectrum is quite different from the spin polarization of theand for transitions toward§=1, m= —1 final-stategright-

p density of states. In fact, the spin polarization is very simi-circularly polarized x rays
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Calculation vs experiment : XAFS
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FIG. 8. Comparaison of the calculatéd) K-edge absorption
spectrum andb) x-ray magnetic circular dichroisftXMCD) of a

p-DOS vs absorption
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FIG. 9. (a) Comparison of the calculatel-edge absorption
spectrum with the density gb states projected on the absorbing

cluster of 51 atoms of bcc Fe with the experimental results of Refatom and(b) comparison of the calculated XMCD with the spin
4. The Fermi level i€=0 eV, the core hole broadening lis=2

eV, and the maximum scattering waves,.,=8.
o '=a(E+AE2+),
o t=a(E-AE2-),

o =20(E)+(AE2+ {)?d?a/dE?.
Therefore, XMCD becomes

o — 0o =—2AE{d%c/dE?.

(30
(31

(32

(33

polarization of the density op states projected on the absorhing
atom. The derivative of the density of statd309) is also pre-
sented, to illustrate the rigid-band picture that becomes valid at high
energy.

the multiple-scattering matrix®%(11,00z), but o, contains

an additional factoi that makes it proportional to the real
part of 7°%(11,007z), whereas the EXAFS cross section is
proportional to its imaginary paiiit was checked that the
other factors do not intervene much in the phase at high
energy. Since the real and imaginary parts of the Green
function are related by Kramers-Kronig theorem, which
transforms sine functions into cosine functions, and because

Since ¢ is fairly constant at high energy, the exchange-the dichroic effect is due to the difference between spin up
splitting energyAE can be deduced from experimental spec-and spin dowrv,; , it is proportional to the derivative of the
tra. Figure 10 shows XMCD together with the second derivareal part of 7°9(11,00Zz) which, because of an additional
tive of the normal spectrurtmultiplied by 10. Because the minus sign, is in phase with the imaginary part of the
model is very crude, the agreement is not perfect, but gooehultiple-scattering matrifto see this, consider that, in the
enough to say that the image deduced from the rigid-ban&XAFS regime, the Green function can be approximated by
model is correct. The presence of this second derivative exexp(kR+ ¢); the imaginary part is a sine function — the
plains also the phase relation between EXAFS and XMCDEXAFS formula — and the derivative of the real part is a
(considering EXAFS as a sum of sineé more elaborate sine function as wejl Of course, this correspondence be-
interpretation comes from considering the expression fotween XMCD and EXAFS is not exact, and much interesting
Ton [EQ. (22)] and oy, [EQ. (24)]. Both expressions involve information comes from the difference.
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Rigid band model Multiple-scattering : XAFS
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FIG. 10. Comparison of the XMCD spectrum with the second bee-Fe 51 atoms 18

derivative of the absorption spectrumultiplied by 10 for a clus- ‘ ‘ '
ter of 51 iron atoms.

D. Multiple-scattering expansion o001

The program that we used to calculate the XMCD spec-
trum of iron is relatively heavy and slow. To make the analy-
sis of XMCD spectra as easy as that of normal absorption g
spectra, it is necessary to investigate the validity of the g g,
multiple-scattering expansion which is used by much faster
programs, such a=Fr. To do this, we compare the results
obtained by the full inversion of (4 kT,H) T, with the
single-scattering expansioll {+ kT,HT 4+ «k?T,HT,HT,)
and the double-scattering expansifprevious term plus ‘ . ‘ ‘ ‘
«3(T,H)3T,]. This comparison is shown in Fig. 11. The y 100 200 300 400 500
overall agreement is correct but not excellent, probably be- Energy (eV)
cause of the shadowing effect which is large in bcc struc- . )
tures. Notice that, in principle, the zeroth-order scattering F!G- 11. (@ Comparison of the calculated-edge absorption
(T,+«T4HT,) also contributes due to the tefan,,. How- spectrum with the single- and double-s_catterlng expansion(land
ever, this contribution is very small at high energy. Higher_comparlson of thg calculated XMCD with the single- and double-
order terms are considered in Ref. 85. scattering expansion.

units)

inversion
— — - single-scattering
—— double-scattering

properties related to the spin-orbit interaction. A recourse to
Green functions with a complex energy argument led us to
Since the first experimental XMCD specira,number of ~ smooth absorption and XMCD cross sections. The presence
calculations of XMCDK-edge spectra have been carried out,of the Fermi level was accounted for through a complex
using different methods. A fully relativistic Korringa-Kohn- plane integration which was found to be much more stable
Rostoker(KKR) method was used for bcc Be*'112hcp  than on the real line. This technique can be used to calculate
Co 213 Fe-Co alloys®14-16181%nd fcc Nil® A relativistic  other spin-orbit-influenced properties, such as anisotropy en-
LMTO calculation of theK-edge XMCD spectrum of Fe in ergy or spin-dependent spectroscopies.
GdFe, was carried out in Ref. 17, a molecular orbital ap- Robust and accurate numerical methods were proposed to
proach was used for Fe in tetrahedral and octahedraivaluate the Green function in the whole complex plane, and
environment$® a multiplet approach for Ni in a molecular the smooth behavior of the cluster Green function for large
magnef’ and a tight-binding method for metallic Fe and imaginary energies was explained.
Ni®%®and Co®! where XMCD was related to the projection ~ We saw that the EXAFS part of XMCD at th¢€ edge is
of the orbital momentum along the x-ray direction. All thesesimply connected to the spin polarization of thestates on
calculations were restricted to a narrow energy range arounihe absorbing site. The high-energy part is therefore simpler
the edge. We have developed in this paper a multipleto interpret than the near-edge part, where spin orbit interac-
scattering approach which allows for the calculation of ex-tions with the neighbors give strong contributions.
tended structure, and includes the core hole without addi- Our first application is encouraging, and further compari-
tional effort. son with experiment, including the relation between mag-
We have presented a solution of the convergence difficulnetic and nonmagnetic fine structdrajill be presented in a
ties associated with the one-electron calculation of physicalorthcoming publication. Full multiple-scattering calcula-

VI. CONCLUSION
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tions of XMCD at theL ,,, edges of Gd are presented in  In practice, we set up a symmetrized basis by the follow-

Refs. 85 and 38. ing procedure. For an irreducible representafiorep) « of
The improvements which we plan for the future éijehe  the symmetry group, we take a matrix realizatibff) of

use of non-muffin-tin potentials to have a better representaa, and we define thépseudd projector

tion of the difference between up and down spin potentials, q

(i) the inclusion of orbital enhancement, as reviewed in p@/— ¢ 1* (2\p/(a Al

Refs.88 and 89, which Igarashi and Hiaiound to be im- o g gg i @)P (@), (AL)

portant for XMCD, andii) the use of an optical potential to .

describe the exchange and inelastic interactions of the ph(y\_/here j[hehclu?ier sgmr_ngtry operaff (a) has matrix ele-

toelectron. As observed by Ankudinov and RBRKMCD in ~ Ments in then/m) basis:

the x-ray range provides a very good test of effective poten- / N’

tials representing the exchange interaction of the photoelec- LP* (@) mnm= Dy (@) S () - (A2)

tron with matter. An alternative exchange potential was proHere, g is the number of elements of the symmetry group

posed by Zhogovet a|.65 in their treatment of magnetic . g, da is the dimension of irrelm’ andDr’]/’]’m(a) is the(even_

EXAFS. In the present study, we have used the potentigl,q|ly impropej Wigner rotation matrix corresponding to the

provided by the ground and relaxed-excited states, but dlgymmetry operatior of the point symmetry groug.®? We

not include any specific exchange potential. choose a columiy, of the matrix realizationj,=1) and, for
each|n/m) representing a spherical harmoni3 attached
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(ap/js|H|a'p'/"j's")
APPENDIX: SYMMETRIZED BASIS

=(ap/jos|P{¥ HP  |a'p' /"jis! A6
One of the advantages of the semirelativistic limit of the (ap/JosiPyg Py, P’ Mlos’) (46)
Dirac Green function is that one is allowed to use the full . (@) o) D
local point symmetry of the absorbing atom without taking = (@P/] oS Py Pivi, Hla'p’/"jos’) (A7)
spin direction into account, since the spin and space func-
tions are not coupled. In this section, we show how symme- =6, ,6j j{(ap/jos|H|ap’/"jos’). (A8)
trized bases were implemented to reduce the size of the pro%’imilarly, the atomic scattering matrix is diagonal:

lem.

For each spin state, the cluster potential is written as K
V(r)==,Vi(r;) (i runs over atomic sit¢sand letP, repre-  {(ap/js|T; a'p'/"j's'y=— 1097,/ 00,0 Oaar 9. Fs,s7+
sent the action of the symmetry operat@on the cluster. If ¢

. (A9)

a belongs to the local point symmetry grogmf the absorb-
ing atom §=0), thenP,[V(r)]=V(r). Therefore, the Green Wwheret®=sindexp(s’) ands? is the/th phase shift of the
function G(z)=(z—H,—V) ! is also invariant for opera- atoms of typep. Because of the transformation properties of
tions of G. This can be used to reduce the size of thematricesH and T,, the full multiple-scattering matrix
multiple-scattering matrice®:* 7=[T,'—«kH] ! is diagonal ina andj:
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IS\ T @D 1SV = B 8 T e .
(ap/is|rla’p'/"}'S")= Baa1 8y 5 Tpsap /1 (A10) E D/ m(a)(n/m|ajo/ ps)= 2 re@™

In other words, the multiple-scattering matrix can be inverted X(no/ wlaj/ps) (A14)
separately for each irrep and it repeats itself difi{) times 0

in each irrep. For the example of a cluster of 259 Fe atomsyhich yields, using the fact that the symmetrized matrix el-
only the Ty, irrep is relevant, because of dipole selectionements ofH do not depend oy,

rules, and the matrix to be inverted has dimension 288 in-

stead of 4144. Oncef;})sp,/,s, is obtained, the matrix ele- . R
ments which are required for the calculation of XMCD at the (@P/JoSIH[ap’/"jos")= d

2 2 T @Iy *(a)

K edge are obtained through the basis change R (A15)
sialli / . Z Nong OVl | it O Al !
Ne/m= 2 <016|apolJS>Tpolsp/s,<api/Js li/my), X 2 {aj/psing/mH"  (n,/'m’|aj’/"p's").
ajss’ mm'’
(A11) (Al6)
wherep; is the class of atoms to which atonbelongs. From the orthogonality theorem of group

An additional advantage of the use of a symmetrized basigepresentation$: the sum ovej” does not depend ca, and
is the fact that the inverse efis more rapidly calculated. In
practice, the matrix elemen¢&p/Js|H|ap’/’Js )y must be
calculated from the matrix elemerﬁs/m/,m, and the basis (ap/jos|H|ap’'/"jos') = 2
change matrix by

|PINn g
—g (ai/psing/m)
XHI, (g mlaj/p'S),

(ap/joslHlap'/"jos')= 2 2, (ajo/psin/m) (A17)
EP mm’

’ !

n ep

where|p| is the number of elements of clapsandNy, . is
XHY (N’ 7'M [ajo/ p’s’).  the number of elements’ of p’ such thata(ng)=n, and
(A12) a(n;)=n’, whereae g. Therefore, the sum is reduced to

pairs of inequivalent neighbors. Moreovier/v0 ; , depends

Instead of summing over all pairse p andn’ e p’, we can  only on the interatomic vector joining cente’r@andnl. The
choose a membat, of classp and a set of members,; of computing time is further reduced by using the fact that
classp’ which span all possible nonequivalent neighbors ofmany pairsngn, correspond to the same vector.

no in classp’. In other words, for each pain(n’), there is From these symmetry considerations, one can show that,
an element of symmetry groups and a representative,  at theK edge of a transition metal in a cubic environment,
such thata(n)=ny anda(n’)=n,. Therefore, the spin polarization of thel shell of the absorbing atom

cannot be measured because the corresponding contribution
to o4, is zero (=2 spherical harmonics do not belong to
T,.), but the spin polarization of the shell of the neighbors
can. This was observed in the multiple-scattering approach in
Refs. 4 and 52 and in the tight-binding approach in Refs. 80
We have also and 81.

HY = E Dym* (2)D, (R)H, . (AL3)
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