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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 @ 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 lof/theintensity branching
ratio from the 2:1 value of independent-electron theory.
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[. INTRODUCTION that the exact exchange-correlation functional is known.
On the other hand, all atomic approaches ignore the de-
The independent-electron approximation is generally suctailed fine structure in the continuum due to multiple scatter-
cessful in describing near-edge x-ray-absorption spectridg from the environment of an absorbing atom in a
(XAS). Indeed, many current calculations of XAS are basednaterial; and hence are not fully appropriate for solids. Gen-
on an independent, quasiparticle approximation, with ﬁna|eralizations of the TDLDA for extended systems have also
state potentials that include a core hole and inelastic losseBeen developetf:**°In particular, an approach fdr-edge
However, this independent-electron approximation can faiXAS makes use of relativistic band-structure calculatidns.
dramatically for soft x-ray edges, e.qg., for rare gdsesl for ~ These TDLDA approaches generally make use of static
the L, ; edges of transition metafs® For atomic Xe, for ~Screening approximations. Though such static approxima-
example, this approximation yields x-ray-absorption crosgions are appropriate in the optical regifte?they are ques-
sections which are much too large and shifted too low intionable at x-ray energies.
energy. ForlL, ; XAS, the independent-electron approxima- Our goal in this work is to achieve a quantitative under-
tion predicts arl /L, transition intensity “branching ratio”  standing of such corrections to the independent-electron ap-
close to 2:1, while the observed ratiBig. 1) varies consid- Proximation based on generalizations of the TDLDA. One of

erably with atomic numbeZ, and is closer to 1:1 for metals OUr main purposes is to develop approximations which take
like Ti and V with nearly emptyd bands’® into account the frequency dependence of the screening; that
A number of approaches for understanding the observet$, We aim to go beyond conventional implementations of the
failures of the independent-electron approximation havel PLDA with static screening models. Moreover, we aim to
been proposed. These methods differ depending on how t@evelop eﬁicient algqrithms for practical calcglatiqns in sol-
Coulomb interactions between interacting electrons ardds. To this end, we introduce a local approximation for the
handled. For example, the trends in the “anomalous”
branching ratio vs atomic numbet have been calculated J—F—T——— T
using atomic models, e.g., configuration interactig®l) and T
multiplets® Physical explanations have been given based on
models with spin-orbit and core-hole interactions plus
ligand-field couplings. An alternative approach, originally
designed for atomic systems, makes use of the time-
dependent local-density approximatiofDLDA).> The
TDLDA vyields a physical interpretation for the observed
change in the cross sections in terms of screening of the
x-ray field, and can also simplify the calculation®:'! For L
example, the TDLDA has been shown to give corrections to 21 22 2% 24 25 26 27 28 29
. . . . . tomic Number Z
the independent particle approximation, which lead to re-
markable agreement with experiment for x-ray absorption by FIG. 1. L;/L, intensity branching ratio for the transition-metal
rare gase%.Despite their formal differences, the results of series, as defined in Ref. 6, from experiméstlid circles, and as
these methods should in principle be comparable. For exsalculated with different exchange-correlation kernels: RBA
ample, an exact Cl calculation should give the same crosangles, adiabaticf}. (diamonds; and the dynamic model of this
section as a TDLDA response function calculation, assumingvork (see text ,.(») (squares
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screening based on an expansion in a local atomic basiXAS is at first surprising, since it has been argued that cor-
Thus our approach aims to treat screening at the atomimctions to the RPA are smalf or that an adiabatic kernel
level. Moreover, we employ a representation of the TDLDAfC_ or static screening within the BSE is adequ4t&® How-
which permits the separation of the x-ray-absorption specever, we show below that the inclusion of frequency depen-
trum into contributions from the absorbing atofire., the  dence is well motivated for the problem af, ; XAS of
screened transition matrix elements which control the protransition metals.
duction of the photoelectrgrand from propagation and scat-
tering in the extra-atomic environmefite., the one-particle
Green’s function or propagator

Our primary application is to deep-core XAS at soft-x-ray A. The TDLDA
energies, e.g., the edges of 8 transition metals. However, The TDLDA261%1 provides an efficient formalism for
the approach is more general and can straightforwardly bgyjcylations of response functions, including corrections to
applied to many other cases. Thus we have also carried Oyle independent-electron approximation. In particular, the
calculations for rare-gas atoms_and solids. Our results for Xeapproach avoids the complications of nonlocality in the time-
for example, are consistent with those of Ref. 2, but alscﬁependent Hartree-Fool DHF),1° BSE, or configuration-
include the extended fine structure for solid Xe. Rof3  interaction techniques. However, its accuracy is limited by a
XAS of 3d transition metals, we show that the observedjack of a precisely known exchange-correlation kernel
branching ratio depends not only on dynamic screening of (), as discussed below. The TDLDA was originally in-
the x-ray field, but also on dynamic screening of theygduced for atom$,but has since been extended to con-

Ill. THEORETICAL APPROACH

photoelectron—core-hole interaction. densed system$:® The TDLDA and TDHF equations are
closely similar to the BSE}~-*8which provides a systematic
II. MANY-BODY EFFECTS AND SCREENING IN XAS many-bOdy framework based on the tWO-partiCle Green’s

function for treating optical response. The main difference
The L, 3 x-ray-absorption spectrum in solids correspondsbetween the TDLDA and the BSE lies in the structure of
to transitions from the @y, and 203, levels to continuuns  f, (w). In addition, the single-particle states in the BSE are
and d states. Spin-orbit effects are thus essential to an adquasiparticle states which take the electron and hole self-
equate descriptiof® In this work, spin orbit is included energies into account. Like the BSE, our approach also
naturally within a Dirac-relativistic treatment, both in the makes a quasiparticle approximation for single-particle
initial and final states. Several many-body effects can b&tates, with inelastic losses treated by a Hedin-Lundqvist
identified which contribute to a nonconstdnf/L, intensity  electron-gas self-energ9.Such losses are crucial to quanti-
branching ratio. tative calculations of XA$,and also represent a dynamic-
(i) Inelastic losses: these can be represented in terms gtreening effect on the photoelectron state. Important in our
lifetime and self-energy effects in independent-electron calapproach is the use of a projection onto a local atomic basis
culations. The lifetimes are different for the andL; edges and a real-space multiple-scatteritBSMS formalism?*
due to the Coster-Kronig mechanisfbut this difference  This local basis approach yields an efficient matrix formula-
only increases the branching ratios, e.g., to about 3:1. tion, yet retains much of the simplicity of the TDLDA, and
(if) Dynamic core polarization: that is, the creation of lo- gives reasonable agreement with experiment for the systems
cal fields which screen the external x-ray field. This polar-considered here. Local basis set methods have also been ap-
ization effect may be treatéd within the TDLDA by ne-  plied in various related calculatio?3Improvements to the
glecting exchange terms, an approximation often referred tdDLDA based on the BSE have also been developed re-
as the random-phase approximatid®PA). This leads to a cently for optical spectr&
considerable reduction of the branching ratio, but does not Within the TDLDA (Ref. 2 or TDHF!® the x-ray-
account well for its variation witlZ, as shown in Fig. 1. absorption spectrunfor cross sectiono(w) can be ex-
(iii ) Screening of the photoelectron—core-hole interactionpressed as an integral over the noninteracting response func-
this effect, which we find to be crucial, can be addressed ifjgp, Yo(r.T," ®) and the screened x-ray fielfi(r, ),
terms of a frequency-dependent exchange-correlation kernel
f.c(w) in the TDLDA,*° or a nonlocal, dynamically screened

4w -
CoulombW(w) interaction within the Bethe-Salpeter equa- o(w)=— —f J d3rd®r’ ¢* (w,r)
tion (BSE).1-18 ¢
While a conventional TDLDA with static screening XM xo(@,F,F ) d(w,1"),
roughly explains the trends in the observed; x-ray- 1)

absorption spectrum intensity branching ratiégy. 1), sig- > S e, -

nificant discrepancies remain compared to experiment for X (r.f ,w)zz (f__f_)¢i (@) g7 (r)g(r)

low -d occupation number&.g., V and T). Going beyond v TR w+E—E;+i0"

the TDLDA generally requires a two-particle Green’s func-

tion, i.e., the BSE. However, the generally nonlocal, dynamiHere f; are Fermi occupation numbe(s or 0 at zero tem-

cally screened Coulomb interaction between the core hol@eraturg, and the sums run over all one-electron eigenstates

and photoelectron is usually difficult to calculate. #i(r) of the ground-state Hamiltonian. For notational sim-
The importance of dynamic screening of the core hole irplicity, it is convenient to regard the continuous coordinates
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r andr’ as vector or matrix indices, which may be sup-  For the off-diagonal elements ¢v"), we found that an
pressed unless needed for clarity. unscreened exchangee., the high-frequency limiv—V as

We stress that Eq(1) is equivalent to an expression with in the TDHF model has only a small effedsee(v) below].
¢ replaced by the external x-ray fiel®, and yo by the These considerations suggest that the effects of dynamic
full response functiony=(1— x°K) 1x°%(w).2 Thus an ex- screening on off-diagonal terms at moderately high fre-
act TDLDA treatment would yield an exact many-body crossquencym=A., are also small and can be neglected. This is
section. The field$(w) consists of the external fielp®!  in contrast to the case for optical absorption, where the adia-

=e-r (in the dipole approximationplus an induced local batic limit (w=0) is a good approximation for all matrix
field, given in matrix form by elements? Thus, remarkably, we find that elaborate calcula-
tions of dynamical screening can be avoidedlfgg XAS by
p(w)=€ Hw)p*(w), e(w)=1-K(w)x%w). (20 using a simplified dynamic TDLDA/BSE model, ()
—T,(w), ®=E,—E,, with matrix elements defined as fol-

Here K(r,r,’w) denotes the particle-hole interacticior o

TDLDA kernel), which contains direct and exchange parts,
ie., ~ o~ ~

fr(@)=f2% (v=v'";0=0)
K(F T, @)= V(1) +fyo(1T, ), @®) =0 (vEv'im=Agy). @)

where V=1/r—r'| is the Coulomb interaction, and .
| | (v) The TDHF model: We also tried the unscreened, non-

fxc(r,r,’w) is the dynamic exchange-correlation contri- local TDHF exchange operator far=v’ (which corre-
bution. sponds to an unscreened core-hole potenitiat found it to
be much too strong. For the off-diagonal elements (
B. The TDLDA kernel K(w) #v'), however, we found that this unscreened exchange

The exchange-correlation operatéy.(F,f,’w) in the (-€- the high-frequency limiwv—V) is quite small.

TDLDA kernel is opposite in sign and partially cancels the

effect of the Coulomb interactioW. In this paper, we con- C. The TDLDA cross section

sider several approximations 6t (w) which is generally Next we briefly outline how the TDLDA is implemented

nonlocal and frequency dependent. in our calculations of the x-ray spectra. These calculations
(i) The RPA (f,=0): to the extent exchange can be ne-make use of the RSMS formalistie., the real-space analog

glected, the RPA is adequte. of the Koringa-Kohn Rostoker band-structure methatiich

(i) Adiabatic TDLDA [IXC(O):fgc]: this static limit s implanted in our self-consister#grFs code® To begin,
fgc(r,r "Y=8(r—r")év,d p(r)]/ 5p avoids the nonlocality of we rewrite Eq.(1) as
the TDHF and is obtained from the ground-state LDA
exchange-correlation potentialJ p]. 4dme‘w

(iii) Dynamic TDLDA model: An LDA for the frequency o(w)=—¢ )
dependence df,.(w) has been proposed, which interpolates
between high- and low-frequency limi8At the large x-ray ~whereE=w+E,—Ef is the photoelectron energy. Clearly,
energies of interest here, thig.(w) is strongly suppressed, this representation of the TDLDA cross section separates the
and yields results close to the RPAHowever, such re- production and propagation parts of the problem. The photo-
sults are at odds with experiment for nearly emgtipands  electron production is controlled by the renormalized dipole
(Fig. D). matrix elementsM,, (w)=(R|¢|v), whereL=(x,m) de-

(iv) Dynamic TDLDA/BSE mode(cf. Eq. (4)]: Our aim  potes a relativistic angular momentum basis. Note that the
in this paper is to improve ofi), (ii), and(iii) above, based dielectric screening of both the x-ray field and the
partly on the BSE*~'" In the BSE, the matrix elements photoelectron—core-hole interaction can be included implic-
(velfy(w)[v'c’) depend on the nonlocal dynamically itly in the screened x-ray fielgs.' The propagation is con-
screened Coulomb interactiabi(w)=¢ (w)V, through an  tained in pLL/(E)=ImG_ /(E), which is the imaginary
effective inverse dielectric matrix *(w).'® However, the part of the effective one-electron propagate(E). The
actual dependence an~E,— E, is matrix-element specific, quantitiesp,_ ,.(E) are matrix elements of the unoccupied
and depends on the effective dielectric response at th@ne-electron spectral density matrix,
energy-transfer frequency, i.eo=w+E, —E,~E, —E,.

This behavior can be seen explicitly in plasmon-pole SR = N (! _
models'* For L, ; XAS, the most important occupied states plr.r'E) ; ve(r) e (r') S(E=Eo)
v,v’ are the D, and g, levels, which are split by a

=

oL (@)pL L (E)M, (@), (5)

moderate spin-orbit interactiog,, ranging from 5 eV for = E RL(F)RL'(F')PL L(E),

Sc to 20 eV for Cu. The matrix elements with zero energy LL' '

transfer correspond to static screening. Thus it is reasonable

to setf ()= f%, for the diagonal terms=uv". pLL(E)=6L L+ x L (E). (6)
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Here R (r,E) are normalized scattering states calculatedocalized part of the photoelectron wave function can be
with the absorbing atom potential, ayg - (E) contains the ~Separated into energy- and position-dependent parts. More-
fine structure due to scattering by the environnférithe  Over, the overlap matriceg| R, ) decay rapidly with energy,
above formalism emphasizes one of the advantages of o§° the KK transform converges well. This leads to a fast
approach, since it can naturally treat both localized and exmatrix formulation forM,,, .

tended states. In particular, it shows that the extended fine From Eq.(2), we obtain

structure in the spectra is not substantially affected by

the local screening of the smoothly varying dipole matrix

elements. P(r,0)=¢>(ro)+ > | dr'K(r,r, o)
Note that by replacingg with ¢! in Eq. (5), the vnn
screened matrix elemenid,, become bare dipole matrix ><ll/:/(f')l!fn/(f')Xgln,’v,n,,(w)Mv/nn, 9

elements M, =(R/|e-r|i), and one recovers the - _ _ _
independent-electron formula, equivalent to Fermi's goldervhere M, ,= (4| ¢|v) is calculated by integrating Eq9)
rule. Since the strength of the XAS is a measure ofover the core and basis set functions. Thus, summation over
the screening response, the independent-electron approximi&peated indices being implicit,
tion should become increasingly valid away from the edge _ _ _
region. Mvn(w):Mun+Kun,v’n’X:,or%r,Urnrr(w)Mu’n"(w):

D. Local screening approximation

- , M,n=(n|¢*v), (10
Next we introduce a local embedded-atom basis to calcu-

late the screening. One of the key approximations in our
approach is the use of this basis for local calculationgpf
andM,, . This is done starting from an expression fgrin ~ These equations can readily be solved by matrix inversion.
terms of a Kramers-Kroni¢gkK) transform over the density Finally, on integrating Eq(9) over the core- and final-state

KUn‘Urnr:<Un|K|U,n/>.

matrix, wave functions, we get
- s rvo i [F9E 7 M, (0) =M, (0)+K o
Xo(T1 @) =2 w3 (N (1) | —p(FF)'E) o (@) =My (@) F Kot Xonr o Moo
v Er
1 1 le(w):<RL|¢eXt|U>v (11
X o—E+E, 716 wtE-E,+is

Koo =(vRL[K[v'n"),
Onceyy is known, Eq.(2) could be solved iteratively in real i
Xo a2 4 whereR, denotes the scattering stde(w—E,). The ma-

. >, 2 . . _
space to obtaims(r).” However, this procedure is computa trix elementskK,_,., satisfy the same selection rules and

tionally expensive for extended systems, since it mvolvescan be calculated using standard formulas for Coulomb ma-

KK transforms for many i(,r’, ) points. To simplify these  jx elements, i.e., the Slater ter@,.2* The matrix form in
calculations, we make the reasonable assumption that theq, (11) is very efficient, and has been implemented using an
induced charge'"*= xo(w) ¢ that screens the x-ray field is extension of ourrerrs code. This extension is straightfor-
locaF and arises largely from a few significant orbitals on theward, since only the dipole matrix elements need to be modi-
absorbing atom. This is convenient, since our formulatiorfied to incorporate screening.

only needs the screened fiel;ﬁ(ﬁw) at short distances to

calculate the deep-core transition matﬁﬂgL(w). Thus to IV. COMPARISON WITH EXPERIMENT
approximateg, we introduce the atomic projection operator

P=3.4.){(#n|, which projects a given function onto a local A. Solid e

basis set of atomiclike orbitals. Then the density matrix can As a first example, we consider the case Nfs-edge

be approximated by its local contributigsr p'°=PpP. XAS for solid Xe. As noted above, TDLDA calculations of
These approximations can be systematically improved by inXAS for atomic Xe with a static kernel obtained from the
cluding a more complete set. Thus our local response fungground-state LDA were remarkably successful in explaining

tion becomes the large deviations of the observed spectra from that calcu-
lated with the independent-electron approximation. The

- - - - I - - 1 1 1 ifi
X'ooc(f,f,'w)= 2 lﬂ:(f)lﬂﬁ(r')XUOnC,Unr(w)l/fv(f')l/fnr(r), spectra for solid Xe, on the other hand, contain significant

fine structure due to scattering from the environnfént,
which is straightforward to include within the real-space
loc _k °° I:(n|RL>pL,L,(RL,|n’> Green's-function approach considered here usin_g(E)q.
Xonon (@)=~ P > JE dE w—E+E +is (®) Since these calculations involve x-ray energies of order
LLt -EF ’ 10? eV with only 2-eV spin-orbit splitting betweeiN, s
where k=+2(w+E,). Note that the localized part of, edges, an adiabatic exchange-correlation kernel is reason-
does not require a KK transform at each point, since theable. For the case of Xe, the finaf 4tates form a broad

vnn’

115120-4



DYNAMIC SCREENING EFFECTS IN X-RAY . .. PHYSICAL REVIEW B57, 115120(2003

T T T T 15 T T T T T T
i
60r 7 5 i \
2 g i} '
=] Slop el 1
5 40_ i 5 It l:' “' L"“ l“\
B g LN
=} = AR 5O
2 2 5 2 B AN g
= 20+ S A TN P N
220 2 RSV AN ]
< / \° e S
~ | | "-I-~...,.,_,'_,‘_:~~I-- L0 A TN T ]
60 80 100 120 140 Y
Energy (eV) 10
FIG. 2. Ny sedge XAS vs x-ray energy for solid Xe from ex- z
periment(solid),> and as calculated using the adiabatic TDLDA 5
kernel f,-(0) (dasheys and with the independent particle approxi- £
mation (dots. g 5
. . B
scattering resonance with peak energy about 100 eV above 2
the vacuum zero. To construct a local basis set that spans <
such continuum states, we have used the “renormalized 0t b S 20
atom” prescriptionz.6 Thus one confines an “embedded” (h) Energy (eV)

atom within a finite sphere of volume equal to the volume
per atom of solid Xe. This atomic sphere radius defines the FIG. 3.L;edge XAS vs energy with respect to the Fermi level,
Norman (or Wigner-Seitz radiusr, which is more conve- for (&) Ti (upper figure¢ and(b) Ni (lower), calculated with different
nient for heteroatomic materials. This prescription requiressicreening models: RPAdashey static fxc” (dash dots and our
that the radial solutioR (r) has nodes aty. To cover the —dynamic modef,(w) (solid).

energy range of interest for Xg.e., 10-150 eV, we used

fouB diff((ejren'é grbitals q off ch%raclter(enirgies 14.8, 315, 4ions we used theoretical atomic core-hole lifetimi&syt no
67.0, and 118.0 eMand two orbitals op characterenergies  qgitional experimental broadening. Also we used a single

25.0 and 75.0 e}/ and final-state spin-orbit interaction is ¢omicd orbital for the local screening calculations. The dra-
neglected. With this choice of basis set, the maitils rela-  matic differences in the results reflect changes in the re-
t|Ve|y |arge (78< 78), and one needs to invert a matrix of the sponse between near|y empty and near'y fitHiandS, and
same size to calculate the screening. Thus the iterative caire strongly dependent on the formfof(w). From Eq.(8),
culation of self-consistent x-ray field in real space with thefor example, one sees that the response function should in-
local kernel used by Zangwill and Soven is not necessarilrease with the number af holes, and hence screening ef-
slower computationally, since in their approach one has tdects are expected to be the largest for systems with sinall
calculate the field on a radial grid of about 200 points. How-counts. Clearly the RPA is only a good approximation for
ever, for nonlocal exchange-correlation kern@sg., TDHF  nearly emptyd bands, while the adiabat'rtfjc is good only
or BSB, the field ¢(F’F') is also nonlocal and hence re- for nearly filled ones. Our_results for the RPA agree well With
quires a description as a matrix rather than a vector. In thaf10se of Ref. 6, which validates our local screening approxi-
case, our local projection method should be faster computamation. However, our dynamic modé}.(w) of Eq. (4) is
tionally, due to smaller matrix dimensions. clearly satisfactory for the entire series, and the spectral
In Fig. 2, we show the results d-shell calculations for ~shape is improved compared to one-electron or RPA-TDLDA
Xe with the adiabatic kerndfi), as well as the result from calculations. _
the independent-electron approximationy=(x, and ¢ We also carried out sample calculations fat 4nd &
= ¢®'=e-r). For comparison with the experimental Xe elements, e.g., Y and W,3 and M, spectra. For these

data®® we added a 2.0-Mb background to the calculated®@S€s the screening corrections turn out to be much smaller

curves. As in the atomic calculations of Ref. 2, we also opthan those for @ metals, and yield at most corrections of

tain better agreement with experiment for the adiabatic ker2DOUL 2%. This is consistent with the delocalized nature of

nel. We also tried the RPA kernel, but found a much greatef'd a_nd g electrons, and hence t_he corn_aspondmgly smaller
atrix elements of the Coulomb interaction keriel

sensitivity to the neglect of exchange than in the atomid"&Y . o X
y g 9 Since screening redistributes the oscillator strength be-

calculations: One clearly sees that the experimental fine hel dL. ed h lidity of the * les”
structure is also reasonably well reproduced. The remainine:een thel; andL; edges, the validity of the “sum rules

discrepancies are partially due to the finite basis set used i r the spectra has peen qu_estmﬁesm_:h sum rules allow_
one to determine various spin and orbital moments from lin-

ear combinations of the, andL; XAS.%>?” However with

our approach, one can now correct these procedures for these

local-field effects, e.g., by substituting the screened x-ray-
Next we examine the results farshell XAS in transition  absorption spectrum cross section, in place of the one-

metals. Typical results near the ends of the transition-metatlectron result in the analysis.

series are presented for Ti and Ni in Fig. 3. For all calcula-

the screening calculations.

B. L-shell XAS for transition metals
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V. SUMMARY the complexity of full dynamic-screening calculations. For

In summary, we have developed a generalization of the4d and & L, ; spectra, the screening corrections are much

TDLDA based partly on the BSE for including screening of Smaller than for 8, consistent with the less localized nature

the x-ray field and the core-hole interaction in x-ray- of 4d and X electrons. Ourlapproach alsp accounts for.the
absorption spectrum calculations. The result for the XAS isXAFS’ and shows that_ the fine structure is not substantially
analogous to that for independent-electron calculations base%fiﬁﬁd b);]the tscre?nm_g. . . lected i

on golden rule, except that the dipole matrix elements are d IO}:g ?é( E’"a.onr'g Zc_reenllng. IIS rt;eg ei ed' n tcr)]ur
screened by the local dielectric response. In our approac ,o_e, It cou € inciuded In principle by extending the

screening is calculated locally using a projection onto a IocaPas'S.' Though local screening alone IS justified n the cases
embedded atomic basis. Our approach includes continuu on5|der(_ad here, extra-atomic screening can be Important at
states within a real-space Green’s-function approach and thys Juencies for Wh'Ch the dielectric response of a neighbor-
also can treat the fine structure in XAS. ifig atom is particularly strong;

We find that dynamic screening of the photoelectron—
core-hole interaction is crucial in calculations ofd 3
transition-metal , 3 spectra. Moreover, we have shown that
a simple dynamic exchange-correlation model based on the We thank J. Chelikowsky, H. Ebert, W. Ku, Z. Levine, S.
TDLDA and BSE accounts well for the frequency depen-Pantelides, L. Reining, G. Sawatzky, E. Shirley and espe-
dence of the matrix elements of this interaction. This ap-ially G. Bertsch and A. Soininen for helpful comments. We
proximation goes beyond the conventional TDLDA, and isalso thank L. Trger for making available the experimental
similar to a screened TDHF approximatibiThis approach Xe data presented here. This work was supported by U.S.
has been implemented using a RSMS formalism that inDOE Grants Nos. DE-FG03-97ER45623 and DE-FGO03-
cludes continuum states, and yields good agreement with e@8ER45718, and was facilitated by the U.S. DOE Computa-
periment for thel, 3 XAS of 3d transition metals, without tional Materials Science Network.
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