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We report a theoretical method for x-ray absorption spectros@ps) in condensed matter which is based
on the multichannel multiple scattering theory of Nattial. and the eigen-chann&matrix method. While
the highly flexible real-space multiple scatteril@SMS method guarantees a precise description of the
single-electron part of the problem, multiplet-like electron correlation effects between the photoelectron and
localized electrons can be taken account for in a configuration interaction scheme. For the case where corre-
lation effects are limited to the absorber atom, a technique for the solution of the equations is devised, which
requires only little more computation time than the normal RSMS method for XAS. The method is described
and an application to XAS at the @3 3 edge in bulk Ca, CaO, and Cals presented.
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[. INTRODUCTION ber of electrons/holes igsufficiently) localized orbitals. Suf-
ficiently localized means that the wave function is negligible
Multiple scattering(MS) theory provides an accurate and small beyond the atomic radius. This applies exactly to
flexible scheme for the calculation of unoccupied electronidnner-core shells and well to thef 4hell in rare earths. Ex-
states which are probed by various synchrotron experimentensions of the method to include correlation effects between
such as x-ray absorption spectroscopy and resonant elastieveral delocalized electrons are under way.
and in-elastic x-ray scattering. The standard theory relies on In this paper, we present the formalism and report results
the single-particle picture, that is, it neglects electron correon the Cal, sedge absorption of different Ca compounds.
lation effects. This is a great shortcoming, since core-levelfhe Cal, ; edge is an interesting test case for the method,
x-ray spectra are often strongly modified by electron correbecause theL, and L; absorption channels are strongly
lation, in particular by the Coulomb and exchange interactiorcoupled through the photoelectron—core-hole Coulomb inter-
of the valence electrons with the core hole. In transitionaction. This leads to a branching ratio of about 1:1, far from
metal and rare earth systems, this interaction can give rise the statistical ratiq2:1) which is obtained in single-particle
pronounced atomic multiplet and satellite structures in théheory. From a point of view of atomic multiplet thedry.°
spectra, which can only be accounted for through manythe nonstatistical branching ratio is easily understood as a
electron calculations. A generalization of MS theory tocase of strong intermediate coupling in tf@p°3d?) final
many-electron wave functions was developed by Natdli state. The multipole and exchange part of the38 Cou-
al. and is known as the “multichannel” MS theory. Probably lomb interaction(Slater integralsF¥, GX with k>0) is of
the most difficult part of this approach is the calculation ofcomparable strength as th@ 2pin-orbit interaction, which
the interchannel potential. Here, we propose a reformulatiogives rise to correlated®23d* final state wave functions,
of the theory, where the latter problem is completelywhere the p,, and 2, holes are strongly mixed. The fact
avoided. Instead, the multichann&l matrix is calculated that the branching ratio does not change when going from
variationally using the eigen-chann&matrix method®  atomic C& to various Ca compoundsis empirical evidence
While R-matrix methods are well known in atomic spectros-that this atomic multiplet picture remains valid in condensed
copy, they have, to our knowledge, never been used for cormatter. However, a purely atomic model is not sufficient to
densed matter problems. Michied$ al.” presented a calcu- account for fine structure in the, s-edge spectra, which de-
lation of electron energy loss from NiO using &matrix  pends strongly on the atomic environméntand which is
method. They used, however, an atomic model where allhereby of practical importance for structural and electronic
solid state effects were described phenomenologically usingnalysis) Atomic models including the crystal field have
an crystal field and a reduced Coulomb interaction. proved quite successful in reproducing the experimental
Here, we present a formalism for x-ray absorption in con-spectra at thé, ; edge!®!In that approach, all extra-atomic
densed matter, based on the multichannel MS theory and tteffects are, however, treated in an empirical way, by intro-
eigenchanneR-matrix method. It allows to take account for ducing adjustable parameters for crystal field gpoissibly
local electron correlation effects in a multichannel, that is,oand broadening. Zaanest al® went beyond the atomic
configuration interaction scheme. At present, the type of cormodel by considering a model Hamiltonian that included not
relations that can be handled on this level are limited to thosenly the atomic §-3d multiplet coupling but also the single
between one electron in a delocalized state and a finite nunelectron density of states of bulk Ca. The electron-hole prob-
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lem was solved exactly using a Green’s function techniqueelectron(the “photoelectrony in a delocalized state above
While being physically sound, Zaanen’s method was nothe Fermi level. In other words, we consider a correlated
fully based on first principle calculations, but introduced afinal state wave function that couples the photoelectron with
number of empirical parameters. Later on, Schwitalla andhe core hole and and/or a finite number of other localized
Ebert? calculated the spectra in the time-dependent localelectrons.

density approximationTD-LDA). For bulk Ca, they ob- In order to make the derivation less abstract, we shall now
tained the correct branching ratio, but the fine structure otonsider the specific case of XAS at the Ca; edges. The
their spectrum was quite different from the experimental oneformulas are kept general and can easily be applied to other
Recently, Ankudinovet all® studied the branching ratio systems to be described with correlated wave functions sat-
problem with a generalization of TD-LDA. By adding a fre- isfying the earlier requirements. For the ground state we con-
quency and matrix-element dependent exchange-correlaticsider the six electron wave function made of the &re
contribution to the TD-LDA kernel, they obtained a branch-electrons. The initial stat#  with energyE is thus simply

ing ratio in good agreement with experiment for Ca and thegiven by the closed shell configuratib?pe,ls)). Final states
whole transition metal series, while in Ref. 12 this was truehave energf=E +%w and a(2p°e') configuration, where
only for the lighter elementefrom Ca to V). From the the-  denotes alone-electron state in the continuum above the
oretical studies cited earlier, it may seem that the branchingermi energy. The crucial point is that we take into account
ratio problem at the_, ; edge of Ca has been thoroughly multiplet effects through a configuration interaction ansatz
investigated. Despite this, we have chosen the Ca system &s the final state wave function, which is developed as

a test case for our method, which, we believe, provides in- -

sight into other aspects of the problem, such as the orbital V=AY D ,(X) e (X). 1)
relaxation around the core hole and the reason for the need of @

a 20% reduction of the Slater integrdt and GX in atomic
multiplet calculationg? The present method comes in as an_ . ) SR
implementation of the multichannel MS formalism and atrue:(JC"“C) (10:1_/2'3/2“°:"Jg' Jo); .X coIIects_ all core-
application of R-matrix techniques to a condensed matter€l€ctron coordinates. Thep) multiplet energies aré,
problem. The combination of these two features will allow us™ Eg—eclic), Wheree(j,) are the negative binding energies of
to shed some light on the two points mentioned eatker  spin-orbit split 2x(j.) levels. For eaclb,,, there is a compo-
bital relaxation and reduction factgrand to present an ap- nent¢, of the photoelectron wave function. Tieadial, an-
plication to the Ca compounds CaO and Gak which  gular, and spincoordinate of the photoelectron is denoted
ligand field effects and multiplet structure are treated in ax=(r,X, o). Finally, A denotes the antisymmetrization opera-
unique framework in amb initio way. tor.

The paper is organized as follows. In Sec. Il, the more Multichannel multiple scatteringThe total photoabsorp-
general aspects of the formalism are outlined. Further detail§on cross section is calculated using the multichannel mul-
about the multichannel MS theory can be found in the Ap-tiple scattering method by Natadt al As shown in detail in
pendix. In Sec. lll the formalism is applied to the ;edge  the Appendix, it is given by
absorption of 8° systems with an emphasis on the screened . 00
electron-hole interaction in the final state. In Sec. IV some o(w) * o |m{2 MrTrrer'}- (2
numerical aspects are discussed. In Sec. V results are pre- rr’
sented for bulk Ca, CaO, and Gafhe section ends withan ere =41 s is the set of all quantum numbers &, with
outlook at the modifications needed for applying the theory —_ being the orbital ang the spin quantum numbers of

tSO theviﬂ elements. Finally, some conclusions are drawn ine photoelectronMr:(\IfﬂD|\Ifg> are the transition matrix
ec. Vi. elements; we consider only dipole transition in the length
approximation. ¥}" is the inside solution that matches

Here (Ba is one of the six(2p® states, labeled by

Il. GENERAL FORMALISM smoothly onto the outside solution
In the present approach we go beyond the independent WOU= > B (XXo) Zp(r)/r . 3
particle model by considering a correlated wave function for T’

a finite number ofN electrons. All other electrons are de- ) ~ . .
scribed within the independent particle approximation.Here, we have introducedty= d,(X)Y (%) &, “Inside” and
Among theN explicitly treated electrons, at most one is in a ‘OUtside” refer to the atomic sphere of the absorber, i.e.,
delocalized orbital, all others necessarily occupy localized=Fo @ndr>ro, respectivelyro being the muffin-tin radius.
orbitals. By definition, a localized orbital is one that is neg- 1he matrixZ of radial photoelectron functions is given by
ligibly small outside the atomic sphere. This applies exactly Zrp (011 = (KDt e = Ky (ko) Spp (4)

to inner shell orbitals but also to a good approximationto 4

orbitals of the rare earths. In the ground state wave functiontiere,h/=j;+in; andj;, n; are the usual spherical Bessel and
theN electrons include the core electron that is excited in theNeumann functionsk,, is the wave number of the photoelec-
x-ray absorption spectroscopgXAS) process plusN—1  tron, given byk?+Vy=¢,=E-E,, whereV, is the interstitial
other electrons in localized orbitals. The XAS final statepotential. typ, is the multichannel atomid matrix of the
wave function then contairl$- 1 localized electrons and one absorber(at sitei=0). In Eq. (2), 7 is the multichannel
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scattering path operator connecting sitemsdj. It is calcu- 1= iK(R'J_J)—l(RH_ H) (10)
lated for a finite cluster by inversion of the matrix= 71, '
whose elements are given by Here all the quantities are matrices with indid&ds' and are
i L i evaluated ar=rg. Furthermore, the quantitigs, J, H are
My = 86 T = daarkaGyy (Ke) sy ®) diagonal matrices with elemenksr=Kk,, Jrr=K,roji(K.l0),

Here, t; is the multichannel atomic scattering matrix of atom 2nd HFF:quohr(karo)- o _ _
i, and G/, are the real space Korringa-Kohn-Rostoker I the §|genchanne! method, thematrix is obtained di-
(KKR) structure factors? Apart from the absorber, we treat rectly in diagonal form; for given enerdy, a basis of eigen-
all atoms in the standard one-electron muffin-tin approxima—f‘:’tates\llk an_d elge_nvaluebk is found, Py solving the follow-
tion, which implies t; pp =t (k,)dpp, for all i#0. Since ing generalized eigenvalue problérh:
theseT matrices fori # 0 as yvell as the structure fact(ﬁ%L, (E-H-L)¥,=QVb,. (11)
are single-channel quantities, the only channel-off-diagonal
terms ofm are located in=j=0 block. This particular struc- HereH is the HamiltonianLEEi“il(S(ri—rO)(llri)(&/ari)ri is
ture of them matrix allows us to use an efficient partitioning the Bloch operator that restores Hermiticitytéfin the finite
technique for the inversion oh. reaction volume, i.e., the atomic sphere a@dEEi"ilé(ri
Partitioning technique We divide the system into ab- -rg) projects onto its surface. Among all solutions of Eq.
sorber atom(i=0) and “environment,” i.e., all other atoms (11), only those withb| << are physically acceptable. Their
with i # 0, collectively labeled &.” For the absorption cross number equals the number of channEfs In order to solve
section we need only the absorber blaéR of the = matrix. Eg. (11) we develop
Using simple matrix algebra, this quantity can be expressed

as W= 2 Wr,Cryk (12)
0= (00 - P ™)1 = (652 - ). 6) v

In the second equality, we have usm%P:tal and introduced with trial functions of the form

the reflectivity p=m°me€~*m, which contains all the in- Wy, = A{O(X%0)P,(1)/r}. (13)

formation we need from the environment. Oncés known,

the remaining problem is a purely atomic one. Npwis  As radial basis function®,, we use solutions of the radial
diagonal in the channel indices since it does not involve  Schradinger equation for angular momentliand a spheri-
thei=j=0 block of them matrix. It can therefore be calcu- cally symmetric, local one-electron potentials(r). In the
lated using standarsingle-channgIMS theory. Explicitly,  present application, we take fogy the sum of the ground
we have state potentiad, and a partially screened core-hole potential
v [see Eq(16) later]. As usual in the eigen-channel method,

Prr = GaarPLir(Ka) s M We use closed-type orbitals with boundary conditions
where P,(ro)=0, and open-type orbitals with boundary conditions
, ) . dP,/dr(rp)=0. Since d— es transitions have negligible in-
pL(K) =2 X GYL(KF, L (KGLS (K. (8)  tensity in the near-edge region, we here include dmig,

. i.e., d waves in the basis. The generalized eigenvalue prob-
Here, the sum runs over”, L”, i#0, j#0, and7 is the  |em in Eq.(11) is solved using standard numerical routiA@s.
single-channelr matrix of the system without absorber The eigenvectors of theR matrix are given by Wi
(a-diagonal terms of m®|™). = Nrof ®'¥,, where the integration is ovefks and the
Eigenchannel Rmatrix methodThe remaining problem is  remaining radial coordinate oF, is taken atr,.®> The factor
the calculation of the multichann@& matrix of the absorber /N comes from antisymmetrization. From the orthogonality

and the inner solutionﬂf}”. This is done using the eigen- of the channel function®; and Eqs(12) and(13) we have
channelR-matrix method=8 In the following we recall some

basic features of this method for the convenience of the Wiy = 2 CryiPlro).
reader and in order to introduce our notati@vhich follows v
most closely that of Ref.)5 The R matrix is a multichannel
generalization of the logarithmic derivative of the radial We normalize the generalized eigenvectogs (k fixed)
wave function. As reaction volume, we use the atogc ~ Such thar/Wp?=1. ThenW is unitarian and th& matrix
muffin-tin) sphere of the absorbing atom with radigswith ~ is given by
Eq. (3), the R matrix can be defined as
. Rrpr = - E erbElWErr-
> RepnZpnp(fo) = Zppo(ro). 9 k
r . .
. The inner solutions that match the outer ones are

Here we have introduced the notati®s=dX/dr. Using Eq. _
(4) and its derivative with respect tq the t matrix can be P = > \Ifmcm,kwlr,,zp/p(ro).
readily calculated from th& matrix as I'T"vk
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I1l. ELECTRON-HOLE INTERACTION W(lP) =—F%—F%5 + 4G1/49,
We describe the subsystem of electrons through a 5 o o
Hamiltonian of the form w(®P) =-F°-F?5,

N

HN = Hg+ V=2 hy(i) + V.
i=1

w(*®D) = - FO+ F%5,

w('F) = - FO - 2F?%/35 + 183%/49,
Herehy is the one particle Hamiltonian of the chosen inde-
pendent electron model arids_ an electron label. IN was w(3F) = —F%- 2F?/35,
the number of all electrons in the systdiN,,), the exact
perturbationV would be given by the bare two-particle where, in our case, all quantities are matrices with indices
electron-electron interaction terms minus the effective(v»'). The matrix elements of the other operators needed in
electron-electron potential.; that is included inhy,. How-  the eigen-channel method are easily calculated
ever, since in our casl # N, there is no(simple exact Lo
expression oH™ and the “best” approximation fdv is not (CYEIL" ') = Bdir:S,,
necessarily given by the exact expression of the ddse
=N_. The reason is that.; and thush, are determined by (TYQI"v") = /P (ro)P, (o),
Ny rather than onlyN electrons, and the Coulomb interac-
tion in V is screened by thsl,;—N other electrons. L P,
For the system studied here, these considerations are of (L) = &F,Py(ro)a(ro).
interest only for the final state. The ground state, being a
closed shell configuratio2p®,S), is well described by a The dipole operator selectsP) basis states and thus only
single Slater determinant with th@p) orbitals calculated J=1 final states give a contribution. The reduced matrix el-
from hy. For the(2p%€Y) final states, the perturbationis the ~— ements are non-zero fdt=(*>"'L,;,M=1) and given by
screened photoelectron-core-hole Coulomb interaction. i
We shall first take folV the unscreened interaction and (Wyllrlwr) =~ 22 IZP'”C(fKSVWlF’ZF’F(rO) (15)
discuss the effect of screening below. We have to calculate ok
the matri>_< elements dfl, L, andQ for the basis statgs in Eq. with FO:(]‘Pl,M:l) and|2pYV:f60P2p(r)rPV(r)dr_
(13, which we denote as|I'v)=[2p°»d"T) with T Screening modelAs it is well known from cluster and
=jcucms We have impurity model calculationd, the monopole term of the
Vo . electron-hole Coulomb interactiofcorresponding to the
(CoHOIT"v') = (Bg = eclic) + €) 3 Sy, Slater integralF®) is drastically screened, while the higher
where order multipole and all exchange terrt8later integraldX,
GX with k> 0) are essentially unscreened. Let us note that in
_ frod P (1P () multiplet calculations also the higher order terms are gener-
S = 0 FEANE A ally reduced from the calculated value¥.The need for this
reduction of some 20% is, however, not due to screening, but
is the overlap integrak, is the energy of thé, orbital, and comes mainly from the neglect of configuration interaction
the other quantities have been defined before. Notedhat in the single-configuration multiplet approathAs will be-
is ensured by the orthogonality of the angular and spin funceome apparent in the next section, the relevant configuration
tions. For the calculation of the matrix elements\gfwe interaction is included in our approach, so that there is no
make a basis transformation from the uncoupled stateseed for reduction of the Slater integrals wihr 0.
|2p°j cpte, vd'ms to LS coupled statefp®vd?, (LS)IM).26 In We therefore apply screening only to the monopole
the LS coupled basis, the matrix elements\ofire given by term -2k. of the electron-hole Coulomb operator
V=-2/|x-x'|. This defines théunscreenedmultipole part
V=-2/|x-x'|+2/r. of the interactionV. In the space of
where nowl"=(LS)JM. Thew's can be expressed in terms of {1l functions ¥, we have chosen, the operator +2/is
the following generalized Slater integrals diagonal inI". Within th_|s space, it is therefore equwalem to
a one-electron potential,(r), namely the Hartree potential
K fo o , 2rk< , of a spherically symmetric core hole which is given by:
Fou Ef drf dr’Pap(r)P,(r )szp(r)Pv’(r ), vy(r)==Jdr'[Pa,(r")]?/r-. We can thus handle screening of
0 0 - the monopole term on a single-particle level by replacing the
o o ork un;creened core-hole po_tentzi@(r) by a scrgened one_c(r),
Gk = f drf dr' P,y (r)P (rr)kp (1) Pop(r'). which we add toh,. In this way the effective potential.
LU P S PR ety P used inhy will not be the ground state self-consistent poten-
_ tial vy butveg=vgy+ve.
Here,r. (<) is the larger(smalley of r andr’. The expres- A simple approximation oo is given by the fully stati-
sions for thew(*>*1L) are given in Ref. 17: cally screened potentials,percen Which is obtained from a

V) = [wL)],,, 80, (14)
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self-consistent supercell calculation with a core hole on the IV. NUMERICAL ASPECTS
absorber site. This effective potential, which features full or-  The standard MS calculation for the reflectivity of
bital relaxation around the core hole, is frequently used inpe environmentp, (k) has been performed using the
single-electron XAS calculations. We shall denote the correzontinuuM codel® Finite clusters containing at least nine
sponding core-hole contribution hy, i.e.,vs=vsyperceimVg-  nearest neighbor shells around the absorber were used for all
As will become apparent in the results section later, the lingystems, such that the XAS spectra were well converged
shapes obtained withs are not satisfactory. We shall there- \ith respect to cluster size. The effective single-particle po-
fore allow for incomplete screening by using a linear mixturetential was calculated self-consistently in the local density
between the unscreened core-hole potentjand the fully  approximation using the linear-muffin-tin-orbital meth@d.
screened oneg In all systems we used space-fillitgnd thus partially over-
lapping atomic spheres. In the compounds CaO and,CaF
we chose the relative atomic radii in such a way that the
v(r) = avy(r) + (1 - a)og(r), (16) potential value on the sphere was approximately equal for Ca
and the ligand, while keeping the overlap volume small. For
CaO, a ratio of 3:2 between the Ca and O radii was found
appropriate. For Caf-the insertion of one empty sphe(e)
per formula unit was necessary to keep the overlap small. We
chose the ratio of the sphere radii of Ca:O:E to be 6:4:5,
approximately. The fully screened core-hole potentialivas
obtained from supercell calculations witl{spherically sym-

where a € [0, 1] is an empirical parameter. As can be seen
from the results later, a value af= 0.1 gives best agreement
with experiment. This fact indicates that orbital relaxation
around the core hole is overestimatedif,e e Which, we
recall, is obtained from a supercell calculation in the LDA.

DA the Selinteraction of an electron is not exactly com- U9 2p o on the absorber atom. We used a 32 atom
y simple cubic supercell for Ca metal, and a fcg 2X 2 su-

pensatfad as in the Hartree-Fock scheme, giving rise to ove ercell for CaO and CgFWe found that the core hole has
relaxation and band gaps that are systematically too sma

compared to experiment. Probably the same calculation wit nly a small effect on the potentials of theighboringatoms
P 0 €XP . y . .~and that, consequently, it makes hardly a difference for the
self-interaction corrections would cure this drawback. This

will be the subject of a future investigation. In the meamimespectra whether the reflectivity is calculated with or without

_ the core-hole potential. On the absorber atom, howeyér)
we regarda as useful parameter describing the correct : : .

. is strong and has a dramatic effect on the line shape as will
amount of relaxation.

) . become apparent later.
It is clear that nonzero values afincrease the parameter pp

% li.c., the square of the overlap between the unrelahed For reasons of numerlcql stab_|I|ty, the reer_ct|V|ty was cal-
culated at complex energies with a small imaginary part,

—1)—e_|ectron initial state and th(_e _r_elaxed f!nal state WaVves ch that the spectra are effectively broadened with a Lorent-
function] as calculated from the initial and final state LDA zian function of about 0.3 eV full width at half maximum
self-consistent potentials. In a first order Taylor expansiongyyyw) in order to simulate finite experimental resolution,

IA% Sh?]mdmbz propgrtional toz,_dso thehexglct \{Ialuef of this the spectra in theesults sectiomvere further broadened with
atter should depend on one side on the details of LDA cals; 54.ssian function of 0.3 eV FWHM.

culations(e.g., with or without Hubbartl) and on the other
side on the physics of the atomic relaxation. Based on thi§n
observation we anticipate a kind of “universality” for the
vaI(;Jea_:O.l 'ﬂ ahll casels where a S|mpkle LDA SChEIE_]Ted'E useclcjifferent basis sets are indicated(as, no), wherenc (no) is
and no Iintrashell correlation Is at work, as exemplified by OUt o - mper of closed-typeopen-typ¢ functions. We start
Ca cglculatlon$the a value seems to be independent of thel‘rom functions without nodes in€@r <ry and increase the
chemical environmeint However, the presence of othed 3 number of nodes one by one. For exaomple ) spec-

elec_trons anng the fir;t transition metal_ series, gnd the "Stum was obtained with three closed type functions of zero,
sulting corre_:latlon within the @ shell, might modify this one and two nodes and one open-type function of zero nodes.
stalt_e tOf affziurs. te that iori estimate of Id b Figure 1 shows the converged spectrum with basig&e}

el us also noteé that aa priori estimaté Ofa could b& 40 upper panel and difference spectra with respe@,®

obtained in a multichannel MS theory that starts from the, ..o 0e panel. It can be seen that five closed-type and

fully relaxed state and mixes in very many charge transfer : L
o ; I ) only one open-type function are sufficient for good conver-
excitations. This possibility shall also be explored in the fu- y pen-typ g

ture gence. For the spectra in the results section below, we have

| th t treat t of . ist used the(5,1) basis set.
n summary, the present treatment ot scrééning ConsIsts - ;¢ interesting to note that one can considerably improve

(i) replacing the screened electrgn—hole Coulomb interactioli\ne spectrum calculated with the minim@,1) basis set by

V by its unscreened multipole pavt=—2/|x—x’[+2/r- and  reducing the values of the Slater integrals G (artificially)

(i) adding the partially screened core-hole potentj@) in by some 20%. Figure 2 shows tiig,1) spectrum with full

Eq. (16) to the single-particle Hamiltoniahy. Point(ii) re-  (a) and 20% reduce(b) values of the Slater integrals, along
sults in a modification of all radial wave functioRs(r) and  with the converged spectruit), which was multiplied by
corresponding energies, whereas poinfi) simply removes 1.4 for easy comparison of the peak ratios. Clearly, a 20%
all monopole term$F8V,) from the interaction matrix14). reduction of Slater integrals improves considerably (thé)

In the eigenchannel method, convergence with respect to
e number of radial basis functions has to be achieved. In
ig. 1 we show this convergence in the example of CaO. The
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FIG. 3. X-ray absorption spectra at the Cgs edge in bulk Ca.
Curve (e) is the experimental spectrum taken from Ref. 11. In the
theoretical spectrdg) was obtained from the ground state potential,

and the others with gpartially) screened potential with the screen-
ing factor indicated a$a). In all cases, the one-electron spectrum

(Without\~/) is shown with a dashed line and the multichannel cal-
cuIation(incIudingV) with a full line.

FIG. 1. Convergence of the spectra with respect to the number |n the practical implementation of the method, we first
of radial basis functions in the example of CaO. The numbers otalculate the reflectivity matrig, (k) on a fine mesh in the
closed-typgnc) and open-typéno) basis functions are indicated as yg|evant(photoelectropenergy interval. In a second step the

(nc,no).

atomic multichannel calculation is performed for each total
energyE=Ey+w. The R matrix and the inner solution®y

line shape, both as far as peak positions and relative peaire calculated through the eigenchannel method and then the
intensities are concerned. Apart from the overall amplitudeatomic multichannelT-matrix t, and the dipole transition
which is about 40% too big, the spectrum almost coincidesnatrix elements are readily obtained from E@<) and(15).

with the converged one. This result is closely related to thene get the reflectivity, | /(k,) at the photoelectron energies
fact that in atomic single configuration multiplet calcula- k, of the different channels, needed in Eq(7) by interpo-
tions, reduction factors of 10%-25% for the Slater integralgation in k. Finally, we invert the matrixal—p [Eq. (6)] and

are generally needed to make the relative multiplet energiegptain the XAS cross section from E().

and line strengths agree with experim&ht® Such a rescal-

By virtue of the separation between environment and ab-

ing procedure effectively accounts for configuration interac-sorber through the partitioning technique, the present imple-
tion that lies beyond the single configuration calculafi®n, mentation of the multichannel MS method is numerically
namely coupling to higher lying electronic configurations. only a little heavier than the standa¢single-channglMS
PreCisely this feature is seen in Flg 2, when one realizes thﬁlﬁethod |ndeed7 in the present app"cation, the atomic multi-
in the minimal set(1,1) describes essentially only thed3 channel calculation(second step aboyewas an order of

orbital, while in the(5,1) basis set of the converged spec- magnitude faster than the reflectivity calculation by the stan-
trum, all nd orbitals up ton=7 are included.

(I R

n a: (1
£ | —— b:(1,1), Fk,Gk - 20%
3| = c:(5,1)x1.4 N
£ it
A : A
1S \
= i i
g I A
[4] i ‘l i iti
3 I it
» it i [ B
A Hi [ R
: Y i\ i\
9 AL /ANY
§
o f / N
-4 -3 -2 -1 0 1 2 3 4

energy (eV)

FIG. 2. CaO spectra obtained with the minimal basis set
(nc,no)=(1,1), along with the converged ong). The latter was
multiplied by a factor 1.4 for easy comparison. Spectrionwas
calculated with the Slater integra, G reduced by 20%.

dard MS technique.

V. RESULTS FOR THE Ca L, ; EDGE

Figure 3 shows thé, ;-edge absorption of bulk Ca cal-
culated in different approximations, along with the experi-
mental spectrunm(e) taken from Ref. 11. The numbers in
parentheses indicate the value of the screening parameter
of the core-hole potential. in Eq. (16). The spectra labeled
(g) have been obtained with the ground state poteifitiel,
v:.=0). The spectra in ful(dasheg lines have been calcu-
lated with (without) the multipole part of the electron-hole

interactionV. For easy comparison of the line shapes, all
spectra are aligned at threshold and normalized with respect
to the height of their main peak. Note that before normaliza-
tion, the intensity of the spectra without(dashed lineswas

considerably bigger than the corresponding spectra With
(full lines). The relative renormalization factors between the
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two types of spectra, that have been used in Fig. 3, are 1.8
(g), 2.3(0), 3.3(0.1), and 3.8(0.15). CaO CaF,
Probably the most striking feature of the spectra in Fig. 3 )

is the effect of the multipole part of the electron-hole inter- M
©.1)

action V: in all cases, it leads to a big transfer of spectral
weight from thel ; edge(lower energy peakto thel, edge. : .

The branching ratio thus changes from 2:1 with&utto
somewhat less than 1:1, which is in good agreement with
experiment. This spectral weight transfer comes from the A X
mixing between the [, and the Psj,-hole stategwhich A AN /,."" L AN ®
correspond, in the one-electron approximation, tolthand R e N WY AT AN
L, edges, respectivelylt is a genuine atomic multiplet ef- 02 4 6 8 0 2 4 6 8
fect which was first explained by Zaanen al? As can be energy (eV) energy (eV)
seen from a “verFicaI" comparison_in Fig. 3, the choice of the 5 4 X-ray absorption spectra at the Cas edge in CaO and
core-hole potentiai has only a minor effect on the branch- cap, | abels and line styles have the same meaning as in Fig. 3,
ing ratio, but it changes the line shape of the two edgese  (e) experiment,(g) ground state potentiak0.1) v, with a

individually, as it can be expected from a single-particle=0.1. A full (dasheglline corresponds to a calculation wittvith-
quantity. Going from(g) to (0), or increasing the parameter out V.

has the effect of shifting the peak positions of the two edges

to lower energy and of reducing their width. It mOreover oy offect. By symmetry resolved MS calculations, we have
leads an overall shift of the whole spectrum to lower energy.packed that for CaO. the lowehighep energy peaks cor-
This shift, which is roughly 1 eV fofg) —(0), (0)—’(0-,1)’ respond tdyq (€,) Symmetry states in th@y, point group. In
and (0.1)—(0.19, is, however, not apparent from Fig. 3, cap the order betweeny, ande, peaks is reversed. These
because we have aligned the spectra at threshold. When cosectra are, however, still very different from the experimen-
paring the spectra including with the experimental one, it tal ones. When finally also the multipole part of the interac-
is clear that(g) and (0) have much too broad peaks. More- (o4 Vs taken into accourffull line (0.1)], very good agree-
over, their peak positions relative to threshold are at too highnent with experiment is obtained for both compounds. It
energy, especially forg). Good agreement for both peak ghoyld be noted that Himpset al,'* who used an atomic
width and positions is obtained for spectal) and(0.19.  crystal field model, could also get very good agreement with
The only disagreement is that these two theoretical Specti@periment. However, in that work the crystal field is intro-

show a weak fine structure which was not observed experig,ced empirically and its parameter values are adjusted to
mentally. A possible explanation for this discrepancy is theexperiment.

presence of further broadening mechanisms, other than cou- otiook at the modifications needed for applying the
pling to the band, which is included here by the muItipIetheory to the3d elementsWhen going along the Bseries
scattering of the photoelectron. Himpsglal. suggested that o experimental,/L5 branching ratio increases monotoni-
the broadening might be due to strong autoionization. Th%a"y from slightly below 1 for Ca to a little over 2 for Nit3
discrepancy could, however, also reveal limitations of therneg vajue 2 is the statistical value, which is expected in a
present screening model, which neglects charge fluctuationgingie particle picture for a ground state without orbital po-
Let us note that our spectru(g) looks identical with the one  |51ization. As we have seen from the foregoing, the small

obtained by Schwitallat a|:12 within time-dependent local 50 highly nonstatisticaivalue of the branching ratio in Ca
density approximation. This shows that their method doesgs qe to the multiplet interaction in th@p®3d?) final state,

not take account of the monopole part of the electron-Nolg,nich |eads to a transfer of spectral weight framto L,.°
Interaction. _ _ The experimental finding of increasing branching ratio sug-
For a contrast to thmetallicbulk Ca, we have applied the gests that thit 5-L, channel mixing gets quickly less impor-

method also to twonsulating Ca compounds: CaO and ot towards the end of thaleries. This can be understood
CaR,. The results are shown in Fig. 4. As in Fig. 3, the {5 the following two arguments.

spectra have been normalized and alig_ned at threshold. For (i) The Ls-L, channel mixing is mainly controlled by the
the latter, the spe_ctreg) have been shifted by 35eV to Gl(2p,3d) Slater integral and thepﬁspin-orbit SplittingASO
Iower_energy relative tq the othe_rs in both compounds. Thel’he bigger the raticGl/Aso, the more spectal weight is
meaning of Iab_els and line styles is the same as in Fig. 3. Thﬁ‘ansferred from_5 to L,. While G* varies rather little over
spectra(g), which correspogd to a total neglect of the COreha 3 series Ago increases stronglgfrom 4 to 18 eVj when

hole and the multipole term¢, are again completely at odds going from Ca to Ni, and so the branching ratio increases
with the experimental Spectru(e). When using a screened and approaches the statistical value of 2.

core-hole potentiab; with «=0.1, but still neglecting the (i) When going to(3d") ground state configurations the
multipole termsV [dashed ling0.1)], the spectra consist of exchange interaction between the photoelectr¢he
four narrow lines(the finite width comes entirely from the “n+1"th 3d electron in the final stajeand the core hole is
added Lorentzian+Gaussian broadenifidne splitting of the  effectively reduced by the presence of the othe3d elec-

L; andL, peaks into two doublets is due to a strong ligandtrons. This effect can most easily be understood if we look at

A
]
1
11
1

0.1

absorption (arb. units)

{
! l\,'q.
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the extreme case of d8d°) ground statéwhich we assume rely on adjustable crystal field parameters. Instead, ligand
orbitally unpolarizegl and if we apply standard, i.e., single field and band effects are described inam initio manner
configuration atomic multiplet theory. The transition is through the MS theory.

(2p%3d%) — (2p®3d'Y9). Since both ground and final states are
one-hole configurations, p23d exchange is not effective,
Ls-L, channel mixing cannot take place and so the branching

ratio is statistical=2). The authors would like to thank K. Hatada for fruitful

Point(i) is a pure two-particle effect due to the photoelec-gjscussions. P.K. acknowledges financial support from the
tron core-hole interaction in the final state. It is thus indepensRRT network and from INEN.

dent of the ground statd-electron number. Consequently,
our theory can account for this effect even if we keep the

ACKNOWLEDGMENTS

perturbation ternV in the present fornjalthough that form APPENDIX: DERIVATION OF X-RAY ABSORPTION
was derived for gp°d?) final staté. CROSS SECTION FORMULA IN MULTICHANNEL
Point(ii), on the contrary, depends directly on the ground MULTIPLE SCATTERING THEORY

stated-electron number. In order to handle this effect, we

need to use as perturbatidhthe full multiplet interaction of In this section we derive an x-ray absorption cross section

a (ofd" 54™1) transition. The corresponding multiplet formula within the muItichanneI.muItipIe scattering method.
(p°d") — (p ) P g P Most of the results of this section are not new, but can be

calculations are quite involved and their inclusion into thefound as special cases of the more general derivation given
present scheme is currently under development. In order to P 9 9

focus on the formalism of multichannel multiple scattering Isnegi%fﬁ %(.x’\iﬁ\éeét:r?\iiisénvxg g}lrt]rljeltrclasaéveorrtgelggtjsdemt%ethtljséri-
combined with anR-matrix method, we have decided to vation is simpler than the one in Ref. 1 r;md it lends itself
present here only results for the most simple case, i@°a P ' : X

. better to the form of théN-electron wave functions used in
ground state, leaving the general c4d® for a future pub- the present work
lication. We start from the general multielectron formula for the

total optical absorption cross section in the dipole
VI. CONCLUSIONS approximatiof

In summary, we have presented a method for x-ray ab-
sorption in condensed matter where single-electron features o= 4n%aw), (P(|D|VPS(E - Ey- w). (A1)
are described in the MS approach, while local multielectron f
effects are taken into account in a configuration interaction } o
scheme. The method features a multichannel extension dfere, ¥y and ¥, are N-electron wave functions, for initial
MS theory and the use of aR-matrix technique in con- (=ground and final state, respectively, in the absorption pro-
densed matter. cess of a photon with energy. In case of degenerate ground

The method has been applied to the [Ga-edge absorp- States, a sum oveyis understoodD = -2, x; is the dipole
tion of several Ca systems. The electron-hole Coulomb intefoperator,a=1/137 the fine structure constant. We use the
action was divided into its monopole and {tsigher ordey ~ Units7z=1, Bohr radius for length, Rydberg for energy. Thus
multipole part. The latter, which is responsible for the non-Exin=K?, €=2.
statisticalls: L, branching ratio, was taken unscreened. We For the ground state, we explicitly take into account only
showed that no rescaling for this part is needed in outocalized electrons of the absorbing atom. Thus we assume
method in contrast to single configuration multiplet calcula-that the ground state wave functioby is confined to the
tions. For the monopole term, a mixture between an unatomic sphere of the absorber with radigs Wq(x;...Xy)
screened and a statically screened core-hole potential wa if 0 :[xj|>ro. As for the final state wave functiof;, we
applied. A mixing factor of about 10% yields line shapes inassume thal—1 electrons remain in localized orbitals and at
good agreement with experiment in all cases. most one electrorithe “photoelectronj’ is promoted to a

Nonlocal correlation effects such as charge transfer excicontinuum orbital. We chose boundary conditions such that
tations have been neglected in the present work. Let us mei? the remote past, the photoelectron is free, i.e., its eigen-
tion, however, that such effects can, in principle, be includedtates are plane waves éwx) times a spin functiorys(o)
when theR-matrix reaction volume is extended from a single=9Js,. The rest system is in one of the eigenstates
atom to a small cluster of atoms around the absorber. ConP,(X;...xy-1) of the N-1 electron Hamiltonian with a core
pared to recent approaches based on time dependent dendigle: HN-'® =E ®,. Thus, the “incoming part’ of¥; is
functional theory?*3we believe that the present, configura- given by ®, X exp(ikx) xs(o). In the multichannel scattering
tion interaction based method provides more insight in theheory, not only elastic, but also inelastic scattering processes
correlation mechanisms at play. Moreover, the present apre taken into account, which correspond to excitatidns
proach can easily be applied to problems where the applica-» ®4. In the present approach, these excitations are limited
bility of TD-density functional theory has yet to be proved, to atomiclike ones, such as multiplet excitations, due to the
namely core-level spectroscopies that involve more than onkcal character ofb,. (Note that this is in contrast to the
hole (such as Auger processas open 4 shells. Compared more general theory in Ref).1By expanding the scattered
to atomic multiplet method¥, the present approach does not part of ¥; over the eigenfunction®,, we can write
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Wleks) = P, explikx) xs(a) + 2 P45V (x0). W= = > D K, Hy (KXi) xs(0)B . (A4)
B

als

Heref;j‘ks)(xa) behaves asymptotically — ) like a purely ~ Here xi=x-R; and Hi (k) =hy (kY (%) where h/=j,+in;
outgoing spherical wave. In the earlier formt, antisym- 1S @ Hankel anch, a spherical Neumann function. As indi-
metrization between the photoelectron and Miel other cated by the superscript O, the amplitudgfs ; depend on

electrons has been disregarded. We indeed neglect antisy#fle quantum numbers &%, which we shall denotexL s
metrization for the “outside solution,” i.e., when the photo- from now on. We use the well-known reexpansion theorems

electron is outside the atomic sphere of the absorber. For the _ ij

solution inside the atomic sphere, however, antisymmetriza- (k) = 2 o) Ar, (), (A5)
tion between all electrons is correctly taken into account -

through the eigenchannel meth@ke main text Note that ) i

in this work we have, for simplicity, assumed the muffin-tin —iH (k) = 2 3 (k) G, (K), (A6)

or more precisely atomic sphere approximation for the one- L'
electron potential, i.e., the atomic cells are replaced by spacgnere Al

fill h ith sphericall i tential insid L. and GE,L are the real space KKR structure
1ing spherés with Spherically symmetric potential Inside. ., - 144 Developing V" and the ¥°s around some
The difficulties of multiple-scattering theory arising from

nonmuffin-tin potentials are essentially independent of th§|ven centeri and using Eqs(A5) and (A6), respectively,

electron correlation problem we are dealing with here. Th lelds
present multichannel approach could easily be generalized to W= Dy I (K x) AL, — ik H (kx)BS, & (A7)
nonmuffin-tin  multiple scattering methods in which the als
muffin-tin spheres are replaced by space-filling atomic cells. . h
The main change would consist in calculating tRenatrix wit
for a sphere surrounding the atomic cell and where the po- A =5 S A k) +k Sl (k)R A8
tential in the so-called “moon-regiorithe space outside the s = a1 (Ka) * ka2 Gl (e)Bivsr (AB)
cell and inside the spherdas been put to zero. .

With the final state quantum numbet&s, the sum in Eq.  where the usual conventid® , =0 has been used.

iL’

(A1) becomes =,.fdk’/(87°). We have [dk*/(87°) Next we express the exciting wave amplitud&y, . in
:fdkfgdﬂrz/(leﬂfa), wheree=Kk? is the kinetic energy of the terms of the scattered wave amplitudi?gﬂLS at the same site
photoelectron. This yields i through the inverse atomic scattering matridéé)aLsya,L,s,
as
aw - _
o= EE K, f dk,J(W (a9 D w2, A= X (Y atsarisBY Lo (A9)
as a'L's

Whereki:Egﬂo—Ea from energy conservation. It is conve- This holds by definition of th¢ matrices, and relies only on

nient to work in an angular momentum basis, i.e., to uséhe most basic assumption of the multiple scattering theory,
spherical rather than plane waves. We haﬁldaklk)(k| namely thgt the potential can pe written'a_s a sum of atomic
=16723, |KL)(KL|, where(x|kL)=j (k) Y, (%) = J_(kx). Here, cell potentials. Note that there is no restriction on the form of

. . - . the atomic potentials, which may, as it is the case for the
ji are the usual spherical Bessel functions &nare spheri- L ;
cal harmonics. The cross section now becomes absorber potential in the present work, include nonlocal and

correlation effects(Note, however, that in the present ap-
proach the calculation of this complicated potential is
avoided by virtue of the eigenchannel methoflssuming
the atomict matrices to be known, we may use K49) to

Here W(@9 s the scattering state that evolves from the in-€liminate theA?, s in Eq. (A8), and then solve for the
coming wave Bi,sS. This yields

0= dmaw, K (VYD ))2. (A2)

als

\Ifinc = (DaJL(kaX)XS(U) X (A3) BiOaLS = 2 TloszS,ozoL’SoA:_(2 Lo(kao)’ (AlO)
i’
Following the standard multiple scattering theory, we write\\nare - is the (multichanne) scattering path operator which
the scattered part of the wave as a sum of outgoing irregulgg yefined by its matrix inverse
waves from all the centeiis B B
_ . (7D = 86 = uarkaGlL (Ko dsg, (A1)
_ Inc
=T 2 b where we have introduced the collective indEx= aLs.
Equationg A7)—«Al1) are the generalized multiple scattering
In the following we consider points where the photoelectronequations.
coordinatex lies outside any muffin-tin spher@r atomic We shall proceed by calculating the x-ray absorption cross
cell). For such points the potential is zero and we have  section from an atom placed at the origta=0. Using Eq.
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(A9), the wave function in Eq(A7) around site =0 (index o=4dnaw S <‘I’g|DTI‘PP>kroB¥°B£9*<‘I'iF”,|D|\Ifg>.
suppressedreads T,
Wy = X BrZep (B, (A12) | (A16)
rr’ Note that the restriction t&" in the calculation of the ma-

trix elements is valid since we have assumed thgtvan-

where ishes outside the atomic cell. A further simplification of the
~ . formula can be achieved if we use the optical theorem,
Pr = P,Y (X)xs(0) (A13)  \hose validity in the multichannel case was proved in Ref.
and L
. . . 1 N
Zrr (DI = ji(kD) (Y — ik b (KD . (A14) > kFOBi?Bng, =- E(T— ™) (A17)
)
We recall that Eq(A7) or (A12) is valid only in the space . Ll in
outside atomic spheres. For the region inside the atomic W€, MOreover, introduce the nOtat'MF_@FlD'q@ we
sphere of the absorber, we may write inally obtain
. o=—-4maw X 3] > M2 My | A18
vy =3 Wik, (A15) {E‘ re (AL8)
r

" . . .. . In this form, the cross section formula reads exactly as the
where Wy is a solution of the Schrédinger equation inside yg||-known one-particle expressigsee, e.g., Ref. 31The
the atomic sphere, that matches smoothly onto the outsidgngamental difference is that the quantum numieon-

wave functionZp @/ Zpip(r)/r. tain internal degrees of freedom of the absorbing atciman-
Putting this into the absorption cross section formula, Egnels «), which in the present case correspond to different
(A2), we obtain multielectron states.
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