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Dynamic screening effects in x-ray absorption spectra
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Calculations of x-ray absorption for soft x rays are often dependent on screening of the x-ray field and the
photoelectron–core-hole interaction. Though screening is usually calculated with static screening models, we
find that L-shell x-ray absorption in 3d transition metals is sensitive to dynamic screening effects. This
screened interaction is calculated here using a generalization of the time-dependent local-density approxima-
tion, based in part on the Bethe-Salpeter equation. For computational efficiency, our approach uses a local
screening approximation based on a projection onto a local atomic basis. The approach yields efficient calcu-
lations of the spectra in terms of screened transition matrix elements, and can be implemented straightfor-
wardly within a real-space Green’s-function approach. Calculations for rare-gas solids demonstrate the effec-
tiveness of this local model, and also give reasonable agreement with the observed fine structure. Calculations
based on a dynamic-screening model account for the observed deviations of theL3 /L2 intensity branching
ratio from the 2:1 value of independent-electron theory.
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I. INTRODUCTION

The independent-electron approximation is generally s
cessful in describing near-edge x-ray-absorption spe
~XAS!.1 Indeed, many current calculations of XAS are bas
on an independent, quasiparticle approximation, with fin
state potentials that include a core hole and inelastic los
However, this independent-electron approximation can
dramatically for soft x-ray edges, e.g., for rare gases2 and for
the L2,3 edges of transition metals.3–6 For atomic Xe, for
example, this approximation yields x-ray-absorption cro
sections which are much too large and shifted too low
energy. ForL2,3 XAS, the independent-electron approxim
tion predicts anL3 /L2 transition intensity ‘‘branching ratio’’
close to 2:1, while the observed ratio~Fig. 1! varies consid-
erably with atomic numberZ, and is closer to 1:1 for metal
like Ti and V with nearly emptyd bands.7–9

A number of approaches for understanding the obser
failures of the independent-electron approximation ha
been proposed. These methods differ depending on how
Coulomb interactions between interacting electrons
handled. For example, the trends in the ‘‘anomalou
branching ratio vs atomic numberZ have been calculate
using atomic models, e.g., configuration interaction4 ~CI! and
multiplets.5 Physical explanations have been given based
models with spin-orbit and core-hole interactions p
ligand-field couplings.5 An alternative approach, originally
designed for atomic systems, makes use of the tim
dependent local-density approximation~TDLDA !.2 The
TDLDA yields a physical interpretation for the observe
change in the cross sections in terms of screening of
x-ray field, and can also simplify the calculations.2,10,11 For
example, the TDLDA has been shown to give corrections
the independent particle approximation, which lead to
markable agreement with experiment for x-ray absorption
rare gases.2 Despite their formal differences, the results
these methods should in principle be comparable. For
ample, an exact CI calculation should give the same cr
section as a TDLDA response function calculation, assum
0163-1829/2003/67~11!/115120~6!/$20.00 67 1151
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that the exact exchange-correlation functional is known.
On the other hand, all atomic approaches ignore the

tailed fine structure in the continuum due to multiple scatt
ing from the environment of an absorbing atom in
material,1 and hence are not fully appropriate for solids. Ge
eralizations of the TDLDA for extended systems have a
been developed.11,12,6 In particular, an approach forL-edge
XAS makes use of relativistic band-structure calculation6

These TDLDA approaches generally make use of st
screening approximations. Though such static approxim
tions are appropriate in the optical regime,11,12 they are ques-
tionable at x-ray energies.

Our goal in this work is to achieve a quantitative unde
standing of such corrections to the independent-electron
proximation based on generalizations of the TDLDA. One
our main purposes is to develop approximations which t
into account the frequency dependence of the screening;
is, we aim to go beyond conventional implementations of
TDLDA with static screening models. Moreover, we aim
develop efficient algorithms for practical calculations in s
ids. To this end, we introduce a local approximation for t

FIG. 1. L3 /L2 intensity branching ratio for the transition-met
series, as defined in Ref. 6, from experiment~solid circles!, and as
calculated with different exchange-correlation kernels: RPA~tri-
angles!, adiabaticf xc

0 ~diamonds!; and the dynamic model of this

work ~see text! f̃ xc(ṽ) ~squares!.
©2003 The American Physical Society20-1
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screening based on an expansion in a local atomic ba
Thus our approach aims to treat screening at the ato
level. Moreover, we employ a representation of the TDLD
which permits the separation of the x-ray-absorption sp
trum into contributions from the absorbing atom~i.e., the
screened transition matrix elements which control the p
duction of the photoelectron! and from propagation and sca
tering in the extra-atomic environment~i.e., the one-particle
Green’s function or propagator!.

Our primary application is to deep-core XAS at soft-x-r
energies, e.g., theL edges of 3d transition metals. However
the approach is more general and can straightforwardly
applied to many other cases. Thus we have also carried
calculations for rare-gas atoms and solids. Our results for
for example, are consistent with those of Ref. 2, but a
include the extended fine structure for solid Xe. ForL2,3
XAS of 3d transition metals, we show that the observ
branching ratio depends not only on dynamic screening
the x-ray field, but also on dynamic screening of t
photoelectron–core-hole interaction.

II. MANY-BODY EFFECTS AND SCREENING IN XAS

The L2,3 x-ray-absorption spectrum in solids correspon
to transitions from the 2p1/2 and 2p3/2 levels to continuums
and d states. Spin-orbit effects are thus essential to an
equate description.4,5 In this work, spin orbit is included
naturally within a Dirac-relativistic treatment, both in th
initial and final states. Several many-body effects can
identified which contribute to a nonconstantL3 /L2 intensity
branching ratio.

~i! Inelastic losses: these can be represented in term
lifetime and self-energy effects in independent-electron c
culations. The lifetimes are different for theL2 andL3 edges
due to the Coster-Kronig mechanism,13 but this difference
only increases the branching ratios, e.g., to about 3:1.

~ii ! Dynamic core polarization: that is, the creation of l
cal fields which screen the external x-ray field. This pol
ization effect may be treated2,6 within the TDLDA by ne-
glecting exchange terms, an approximation often referre
as the random-phase approximation~RPA!. This leads to a
considerable reduction of the branching ratio, but does
account well for its variation withZ, as shown in Fig. 1.

~iii ! Screening of the photoelectron–core-hole interacti
this effect, which we find to be crucial, can be addressed
terms of a frequency-dependent exchange-correlation ke
f xc(v) in the TDLDA,10 or a nonlocal, dynamically screene
CoulombW~v! interaction within the Bethe-Salpeter equ
tion ~BSE!.14–18

While a conventional TDLDA with static screenin
roughly explains the trends in the observedL2,3 x-ray-
absorption spectrum intensity branching ratios~Fig. 1!, sig-
nificant discrepancies remain compared to experiment
low -d occupation numbers~e.g., V and Ti!. Going beyond
the TDLDA generally requires a two-particle Green’s fun
tion, i.e., the BSE. However, the generally nonlocal, dyna
cally screened Coulomb interaction between the core h
and photoelectron is usually difficult to calculate.

The importance of dynamic screening of the core hole
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XAS is at first surprising, since it has been argued that c
rections to the RPA are small,2,6 or that an adiabatic kerne
f xc

0 or static screening within the BSE is adequate.14,18 How-
ever, we show below that the inclusion of frequency dep
dence is well motivated for the problem ofL2,3 XAS of
transition metals.

III. THEORETICAL APPROACH

A. The TDLDA

The TDLDA2,6,10,11 provides an efficient formalism fo
calculations of response functions, including corrections
the independent-electron approximation. In particular,
approach avoids the complications of nonlocality in the tim
dependent Hartree-Fock~TDHF!,19 BSE, or configuration-
interaction techniques. However, its accuracy is limited b
lack of a precisely known exchange-correlation kern
f xc(v), as discussed below. The TDLDA was originally in
troduced for atoms,2 but has since been extended to co
densed systems.11,6 The TDLDA and TDHF equations are
closely similar to the BSE,14–18which provides a systemati
many-body framework based on the two-particle Gree
function for treating optical response. The main differen
between the TDLDA and the BSE lies in the structure
f xc(v). In addition, the single-particle states in the BSE a
quasiparticle states which take the electron and hole s
energies into account. Like the BSE, our approach a
makes a quasiparticle approximation for single-parti
states, with inelastic losses treated by a Hedin-Lundq
electron-gas self-energy.20 Such losses are crucial to quan
tative calculations of XAS,1 and also represent a dynami
screening effect on the photoelectron state. Important in
approach is the use of a projection onto a local atomic b
and a real-space multiple-scattering~RSMS! formalism.21

This local basis approach yields an efficient matrix formu
tion, yet retains much of the simplicity of the TDLDA, an
gives reasonable agreement with experiment for the syst
considered here. Local basis set methods have also bee
plied in various related calculations.22,23Improvements to the
TDLDA based on the BSE have also been developed
cently for optical spectra.18

Within the TDLDA ~Ref. 2! or TDHF,19 the x-ray-
absorption spectrum~or cross section! s(v) can be ex-
pressed as an integral over the noninteracting response f
tion x0(rW,rW,8v) and the screened x-ray fieldf(rW,v),

s~v!52
4pv

c E E d3rd3r 8f* ~v,rW !

3@ Im x0~v,rW,rW8!#f~v,rW8!,
~1!

x0~rW,rW,8v!5(
i j

~ f i2 f j !
c i* ~rW !c i~rW8!c j* ~rW8!c j~rW !

v1Ei2Ej1 i01
.

Here f i are Fermi occupation numbers~1 or 0 at zero tem-
perature!, and the sums run over all one-electron eigensta
c i(rW) of the ground-state Hamiltonian. For notational sim
plicity, it is convenient to regard the continuous coordina
0-2
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rW and rW8 as vector or matrix indices, which may be su
pressed unless needed for clarity.

We stress that Eq.~1! is equivalent to an expression wit
f replaced by the external x-ray fieldfext, and x0 by the
full response functionx5(12x0K)21x0(v).2 Thus an ex-
act TDLDA treatment would yield an exact many-body cro
section. The fieldf(v) consists of the external fieldfext

[ê•rW ~in the dipole approximation! plus an induced loca
field, given in matrix form by

f~v!5e21~v!fext~v!, e~v!512K~v!x0~v!. ~2!

Here K(rW,rW,8v) denotes the particle-hole interaction~or
TDLDA kernel!, which contains direct and exchange par
i.e.,

K~rW,rW,8v!5V~rW,rW8!1 f xc~rW,rW,8v!, ~3!

where V51/urW2rW8u is the Coulomb interaction, an
f xc(rW,rW,8v) is the dynamic exchange-correlation cont
bution.

B. The TDLDA kernel K„v…

The exchange-correlation operatorf xc(rW,rW,8v) in the
TDLDA kernel is opposite in sign and partially cancels t
effect of the Coulomb interactionV. In this paper, we con-
sider several approximations forf xc(v) which is generally
nonlocal and frequency dependent.

~i! The RPA (f xc50): to the extent exchange can be n
glected, the RPA is adequate.6

~ii ! Adiabatic TDLDA @ f xc(0)5 f xc
0 #: this static limit

f xc
0 (rW,rW8)5d(rW2rW8)dvxc@r(rW)#/dr avoids the nonlocality of

the TDHF and is obtained from the ground-state LD
exchange-correlation potentialvxc@r#.

~iii ! Dynamic TDLDA model: An LDA for the frequency
dependence off xc(v) has been proposed, which interpolat
between high- and low-frequency limits.10 At the large x-ray
energies of interest here, thisf xc(v) is strongly suppressed
and yields results close to the RPA.6 However, such re-
sults are at odds with experiment for nearly emptyd bands
~Fig. 1!.

~iv! Dynamic TDLDA/BSE model@cf. Eq. ~4!#: Our aim
in this paper is to improve on~i!, ~ii !, and~iii ! above, based
partly on the BSE.14–17 In the BSE, the matrix element
^vcu f xc(v)uv8c8& depend on the nonlocal dynamical
screened Coulomb interactionW(v)5 ẽ21(v)V, through an
effective inverse dielectric matrixẽ21(v).16 However, the
actual dependence onv'Ec2Ev is matrix-element specific
and depends on the effective dielectric response at
energy-transfer frequency, i.e.,ṽ5v1Ec82Ev'Ev82Ev .
This behavior can be seen explicitly in plasmon-po
models.14 For L2,3 XAS, the most important occupied state
v,v8 are the 2p1/2 and 2p3/2 levels, which are split by a
moderate spin-orbit interactionDso , ranging from 5 eV for
Sc to 20 eV for Cu. The matrix elements with zero ene
transfer correspond to static screening. Thus it is reason
to set f xc(v)5 f xc

0 for the diagonal termsv5v8.
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For the off-diagonal elements (vÞv8), we found that an
unscreened exchange~i.e., the high-frequency limitW→V as
in the TDHF model! has only a small effect@see~v! below#.
These considerations suggest that the effects of dyna
screening on off-diagonal terms at moderately high f
quencyṽ5Dso are also small and can be neglected. This
in contrast to the case for optical absorption, where the a
batic limit (ṽ50) is a good approximation for all matrix
elements.14 Thus, remarkably, we find that elaborate calcu
tions of dynamical screening can be avoided forL2,3 XAS by
using a simplified dynamic TDLDA/BSE modelf xc(v)
→ f̃ xc(ṽ), ṽ5Ev2Ev8 with matrix elements defined as fo
lows:

f̃ xc~ṽ !5 f xc
0 ~v5v8;ṽ50!

50 ~vÞv8;ṽ5Dso!. ~4!

~v! The TDHF model: We also tried the unscreened, no
local TDHF exchange operator forv5v8 ~which corre-
sponds to an unscreened core-hole potential! but found it to
be much too strong. For the off-diagonal elementsv
Þv8), however, we found that this unscreened excha
~i.e., the high-frequency limitW→V) is quite small.

C. The TDLDA cross section

Next we briefly outline how the TDLDA is implemente
in our calculations of the x-ray spectra. These calculatio
make use of the RSMS formalism~i.e., the real-space analo
of the Koringa-Kohn Rostoker band-structure method! which
is implanted in our self-consistent,FEFF8 code.21 To begin,
we rewrite Eq.~1! as

s~v!5
4pe2v

c (
v,LL8

M̃ vL~v!rL,L8~E!M̃ vL8~v!, ~5!

whereE5v1Ev2EF is the photoelectron energy. Clearl
this representation of the TDLDA cross section separates
production and propagation parts of the problem. The pho
electron production is controlled by the renormalized dip
matrix elementsM̃ vL(v)5^RLufuv&, whereL5(k,m) de-
notes a relativistic angular momentum basis. Note that
dielectric screening of both the x-ray field and th
photoelectron–core-hole interaction can be included imp
itly in the screened x-ray fieldf.19 The propagation is con
tained in rL,L8(E)5Im GL,L8(E), which is the imaginary
part of the effective one-electron propagatorG(E). The
quantitiesrL,L8(E) are matrix elements of the unoccupie
one-electron spectral density matrix,

r~rW,rW,8E![(
c

cc~rW !cc* ~rW8!d~E2Ec!

5 (
L,L8

RL~rW !RL8~rW8!rL,L8~E!,

rL,L8~E!5dL,L81xL,L8~E!. ~6!
0-3
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Here RL(rW,E) are normalized scattering states calcula
with the absorbing atom potential, andxL,L8(E) contains the
fine structure due to scattering by the environment.21 The
above formalism emphasizes one of the advantages of
approach, since it can naturally treat both localized and
tended states. In particular, it shows that the extended
structure in the spectra is not substantially affected
the local screening of the smoothly varying dipole mat
elements.

Note that by replacingf with fext in Eq. ~5!, the
screened matrix elementsM̃ vL become bare dipole matri
elements M vL5^RLu ê•rWu i &, and one recovers th
independent-electron formula, equivalent to Fermi’s gold
rule. Since the strength of the XAS is a measure
the screening response, the independent-electron approx
tion should become increasingly valid away from the ed
region.

D. Local screening approximation

Next we introduce a local embedded-atom basis to ca
late the screening. One of the key approximations in
approach is the use of this basis for local calculations ofx0

andM̃ vL . This is done starting from an expression forx0 in
terms of a Kramers-Kronig~KK ! transform over the density
matrix,

x0~rW,rW8,v!5(
v

cv* ~rW !cv~rW8!E
EF

` dE

p
r~rW,rW,8E!

3F 1

v2E1Ev1 id
1

1

v1E2Ev1 idG . ~7!

Oncex0 is known, Eq.~2! could be solved iteratively in rea
space to obtainf(rW).2 However, this procedure is computa
tionally expensive for extended systems, since it involv
KK transforms for many (rW,rW8,v) points. To simplify these
calculations, we make the reasonable assumption that
induced charger ind5x0(v)f that screens the x-ray field i
local2 and arises largely from a few significant orbitals on t
absorbing atom. This is convenient, since our formulat
only needs the screened fieldf(rW,v) at short distances to
calculate the deep-core transition matrixM̃ vL(v). Thus to
approximatef, we introduce the atomic projection operat
P5Snucn&^cnu, which projects a given function onto a loc
basis set of atomiclike orbitals. Then the density matrix c
be approximated by its local contributionr'r loc5PrP.
These approximations can be systematically improved by
cluding a more complete set. Thus our local response fu
tion becomes

x0
loc~rW,rW,8v!5 (

vnn8
cv* ~rW !cn* ~rW8!xvn,vn8

loc
~v!cv~rW8!cn8~rW !,

xvn,vn8
loc

~v!52
k

p (
L,L8

E
EF

`

dE
^nuRL&rL,L8^RL8un8&

v2E1Ev1 id
, ~8!

where k5A2(v1Ev). Note that the localized part ofx0
does not require a KK transform at each point, since
11512
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localized part of the photoelectron wave function can
separated into energy- and position-dependent parts. M
over, the overlap matriceŝnuRL& decay rapidly with energy,
so the KK transform converges well. This leads to a f
matrix formulation forM̃ vL .

From Eq.~2!, we obtain

f~rW,v!'fext~rW,v!1 (
v8n8n9

E drW8K~rW,rW,8v!

3cv8
* ~rW8!cn8~rW8!xv8n8,v8n9

0
~v!M̃ v8n9 , ~9!

where M̃ vn5^cnufuv& is calculated by integrating Eq.~9!
over the core and basis set functions. Thus, summation
repeated indices being implicit,

M̃ vn~v!5M vn1Kvn,v8n8x̃v8n8,v8n9
loc

~v!M̃ v8n9~v!,

M vn5^nufextuv&, ~10!

Kvn,v8n85^vnuKuv8n8&.

These equations can readily be solved by matrix invers
Finally, on integrating Eq.~9! over the core- and final-stat
wave functions, we get

M̃ vL~v!5M vL~v!1KvL,v8n8xvn8,v8n9
loc M̃ v8n9 ,

M v l~v!5^RLufextuv&, ~11!

KvL,v8n85^vRLuKuv8n8&,

whereRL denotes the scattering stateRL(v2Ev). The ma-
trix elementsKvL,v8n8 satisfy the same selection rules an
can be calculated using standard formulas for Coulomb
trix elements, i.e., the Slater termG1.24 The matrix form in
Eq. ~11! is very efficient, and has been implemented using
extension of ourFEFF8 code. This extension is straightfo
ward, since only the dipole matrix elements need to be mo
fied to incorporate screening.

IV. COMPARISON WITH EXPERIMENT

A. Solid Xe

As a first example, we consider the case ofN4,5-edge
XAS for solid Xe. As noted above, TDLDA calculations o
XAS for atomic2 Xe with a static kernel obtained from th
ground-state LDA were remarkably successful in explain
the large deviations of the observed spectra from that ca
lated with the independent-electron approximation. T
spectra for solid Xe, on the other hand, contain signific
fine structure due to scattering from the environmen25

which is straightforward to include within the real-spa
Green’s-function approach considered here using Eq.~6!.

Since these calculations involve x-ray energies of or
102 eV with only 2-eV spin-orbit splitting betweenN4,5
edges, an adiabatic exchange-correlation kernel is rea
able. For the case of Xe, the final 4f states form a broad
0-4
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scattering resonance with peak energy about 100 eV ab
the vacuum zero. To construct a local basis set that sp
such continuum states, we have used the ‘‘renormali
atom’’ prescription.26 Thus one confines an ‘‘embedded
atom within a finite sphere of volume equal to the volum
per atom of solid Xe. This atomic sphere radius defines
Norman~or Wigner-Seitz! radiusr N , which is more conve-
nient for heteroatomic materials. This prescription requi
that the radial solutionRL(r ) has nodes atr N . To cover the
energy range of interest for Xe~i.e., 10–150 eV!, we used
four different orbitals off character~energies 14.8, 31.5
67.0, and 118.0 eV! and two orbitals ofp character~energies
25.0 and 75.0 eV!, and final-state spin-orbit interaction
neglected. With this choice of basis set, the matrixK is rela-
tively large (78378), and one needs to invert a matrix of th
same size to calculate the screening. Thus the iterative
culation of self-consistent x-ray field in real space with t
local kernel used by Zangwill and Soven is not necessa
slower computationally, since in their approach one has
calculate the field on a radial grid of about 200 points. Ho
ever, for nonlocal exchange-correlation kernels~e.g., TDHF
or BSE!, the field f(rW,rW8) is also nonlocal and hence re
quires a description as a matrix rather than a vector. In
case, our local projection method should be faster comp
tionally, due to smaller matrix dimensions.

In Fig. 2, we show the results ofN-shell calculations for
Xe with the adiabatic kernel~ii !, as well as the result from
the independent-electron approximation (x5x0 and f

5fext[ê•rW). For comparison with the experimental X
data,25 we added a 2.0-Mb background to the calcula
curves. As in the atomic calculations of Ref. 2, we also o
tain better agreement with experiment for the adiabatic k
nel. We also tried the RPA kernel, but found a much grea
sensitivity to the neglect of exchange than in the atom
calculations.2 One clearly sees that the experimental fi
structure is also reasonably well reproduced. The remain
discrepancies are partially due to the finite basis set use
the screening calculations.

B. L-shell XAS for transition metals

Next we examine the results forL-shell XAS in transition
metals. Typical results near the ends of the transition-m

FIG. 2. N4,5-edge XAS vs x-ray energy for solid Xe from ex
periment ~solid!,25 and as calculated using the adiabatic TDLD
kernel f xc(0) ~dashes! and with the independent particle approx
mation ~dots!.
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series are presented for Ti and Ni in Fig. 3. For all calcu
tions we used theoretical atomic core-hole lifetimes,13 but no
additional experimental broadening. Also we used a sin
atomicd orbital for the local screening calculations. The dr
matic differences in the results reflect changes in the
sponse between nearly empty and nearly filledd bands, and
are strongly dependent on the form off xc(v). From Eq.~8!,
for example, one sees that the response function should
crease with the number ofd holes, and hence screening e
fects are expected to be the largest for systems with smad
counts. Clearly the RPA is only a good approximation f
nearly emptyd bands, while the adiabaticf xc

0 is good only
for nearly filled ones. Our results for the RPA agree well w
those of Ref. 6, which validates our local screening appro
mation. However, our dynamic modelf̃ xc(ṽ) of Eq. ~4! is
clearly satisfactory for the entire series, and the spec
shape is improved compared to one-electron or RPA-TDL
calculations.

We also carried out sample calculations for 4d and 5d
elements, e.g., Y and WL2,3 and M2,3 spectra. For these
cases the screening corrections turn out to be much sm
than those for 3d metals, and yield at most corrections
about 2%. This is consistent with the delocalized nature
4d and 5d electrons, and hence the correspondingly sma
matrix elements of the Coulomb interaction kernelK.

Since screening redistributes the oscillator strength
tween theL2 andL3 edges, the validity of the ‘‘sum rules’
for the spectra has been questioned.6 Such sum rules allow
one to determine various spin and orbital moments from
ear combinations of theL2 and L3 XAS.5,27 However with
our approach, one can now correct these procedures for t
local-field effects, e.g., by substituting the screened x-r
absorption spectrum cross section, in place of the o
electron result in the analysis.

FIG. 3. L3,2-edge XAS vs energy with respect to the Fermi lev
for ~a! Ti ~upper figure! and~b! Ni ~lower!, calculated with different
screening models: RPA~dashes!, static f xc0 ~dash dots!, and our

dynamic modelf̃ xc(v) ~solid!.
0-5
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V. SUMMARY

In summary, we have developed a generalization of
TDLDA based partly on the BSE for including screening
the x-ray field and the core-hole interaction in x-ra
absorption spectrum calculations. The result for the XAS
analogous to that for independent-electron calculations ba
on golden rule, except that the dipole matrix elements
screened by the local dielectric response. In our appro
screening is calculated locally using a projection onto a lo
embedded atomic basis. Our approach includes contin
states within a real-space Green’s-function approach and
also can treat the fine structure in XAS.

We find that dynamic screening of the photoelectro
core-hole interaction is crucial in calculations of 3d
transition-metalL2,3 spectra. Moreover, we have shown th
a simple dynamic exchange-correlation model based on
TDLDA and BSE accounts well for the frequency depe
dence of the matrix elements of this interaction. This a
proximation goes beyond the conventional TDLDA, and
similar to a screened TDHF approximation.17 This approach
has been implemented using a RSMS formalism that
cludes continuum states, and yields good agreement with
periment for theL2,3 XAS of 3d transition metals, without
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the complexity of full dynamic-screening calculations. F
4d and 5d L2,3 spectra, the screening corrections are mu
smaller than for 3d, consistent with the less localized natu
of 4d and 5d electrons. Our approach also accounts for
XAFS, and shows that the fine structure is not substanti
affected by the screening.

Although extra-atomic screening is neglected in o
model, it could be included in principle by extending th
basis. Though local screening alone is justified in the ca
considered here, extra-atomic screening can be importa
frequencies for which the dielectric response of a neighb
ing atom is particularly strong.28
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