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Role of relaxation and time-dependent formation of x-ray spectra
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A fundamental problem of x-ray spectroscopy is the role of relaxation of the electronic subsystem in the field
of the transient core hole. The main intention of the present study is to explore the dynamics due to core-hole
relaxation in the whole time domain, and to find out how it is manifested in finite molecular systems in
comparison with solids. A technique is developed based on a reduction of theré¢sBie Dominicis equation
to a set of linear algebraic equations. The developed time-dependent formalism is applied to a numerical
investigation of a one-dimensional tight-binding model. The formation of the x-ray profiles is explored on the
real time scale, and the role of interaction with the core hole, band filling, and the final-state rule are investi-
gated for systems of different size. The formation of spectra of the infinite translational invariant system is
studied by extensions of the finite systems. We found that the dynamics of finite systems, like molecules,
differs qualitatively from solids: Contrary to the latter the time lapse of the Megi®e Dominicis domain for
finite systems is squeezed between the inverse bandwidth and the revival time, which is proportional to the
system size. For small molecules this means that there is no time for a “MahanH&Bie Dominicis
singularity” to develop. Comparison with the strict solution of the NozieDe Dominicis equation shows that
the adiabatic approximation describes x-ray absorption and emission considerably better than the fast approxi-
mation. This explains the suppression of the relaxation effects in x-ray emission of, e.g., gas phase and surface
adsorbed molecules, but also that these effects are essential for the absorption case. There is still a quantitative
distinction between the adiabatic approximation and the strict approach, which becomes more important for
larger systems. Adopting the so-called finite state rule by von Barth and Grossman also for molecules, an
almost complete numerical agreement between this rule and the strict x-ray-absorption and emission profiles
for systems of different sizes is obtained. The simulations indicate that the final-state rule correction is impor-
tant mainly near the absorption edge and at the top of the emission band.
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[. INTRODUCTION scale computations have been devoted to find out for which
type of systems and for which type of processes relaxation is
X-ray spectroscopy constitutes a set of powerful experiimportant or not. One has thus found indication that relax-
mental techniques to obtain insight into the nature of elemenation in most cases is important for x-ray absorption, while,
tary excitations of molecules and condensed species. Theg. resonant inelastic x-ray scattering spectra of surface ad-
worldwide development of synchrotron-radiation sources hasorbate species are best described by the frozen orbital
during the 1990s created a breakthrough in this field nearlppproximatiort:
analogous to the one with laser sources in the optical region However, thea posterorifact of whether experimental
some 40 years ago. Even if this development has switchedgreement is obtained with or without relaxation provides
over much of the research emphasis to the resonant x-rayather limited insight and predictability of the issue. More-
spectroscopies, the nonresonant counterparts have taken axer, the direct connections between the role of relaxation
vantage of these modern synchrotron facilities as well. with relevant concepts like detuning, band filling, and chan-
The revival of x-ray spectroscopy has brought about newnel interference, and with processes for spectral formation
implications and applicabilities in molecular and materialthat occur at different time scales—such as relaxation time,
science for typical x-ray concepts like element, positionaldecay time, measurement time, and duration time—are not
and polarization specificity, local bond and orientationaleasily obtained using common time-independent computa-
probing, building-block principles, and chemical shifts. tional methods. In order to better accomplish this ambition
However, two interrelated conceptual issues remain with ase believe a nonstationary, time-dependent framework for
great a concern as ever, namely, the role of relaxation in thanalysis and computations of the x-ray spectra is the one to
formation of x-ray spectra and the extent to which the x-raylook for. Time-dependent techniques have indeed been ex-
spectrum relates to the ground-state species. Since the x-réogmely fruitful for studying fundamental processes associ-
spectra connect to core-electron excited states, the chemicaled to thenucleardynamics of x-ray spectragiving impe-
and physical properties of which completely differ from tus to accomplish the similar picture for the electronic part of
those of the ground statef. the equivalent cores notian  the problems.
these issues are of real concern for the main applicability of To find a key and a starting point for this program we go
x-ray spectroscopy. The fundamental questions in this fieldback to Mahan'’s prediction of the edge singularities in x-ray
thus refer to the role of the core hole in the formation of thespectra of metal$and to the discovery by Nozies and De
spectral profile, and much efforts with so-called initial and Dominicis* (ND) that the core-hole problem is reduced, in a
final-state rules, with simplifying models and with large- certain sense, to a one-electron problem in the Fermi-liquid
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framework. Two distinct approaches were used to numeriare the operators of annihilation of the core electron and
cally solve this equation for solids: the direct solution of thecreation of a valence electron, respectively. It is natural to
time-dependent ND equatidrand the solution of the ND express the wave function of the valence electron as a sum of
equation in an energy representat?drOther theoretical ma-  the atomic orbitalsp,,
chineries have been proposed as reviewed in Refs. 8—10.
The ND theory, which contains an explicit treatment of the
interaction with a core hole, admits a strict solution only near %= ; Cinn EI |Ci”|2:; lcinl*=1, @
the threshold, while only numerical solutions are enabled in o )
the whole spectral region. Thus, while the ND theory undis-Vhich for simplicity are assumed to be nonoverlapping. A
putably was a great breakthrough for the knowledge of théocalization of the wave function of thes] electron near the
dynamics of an electronic system in the field of a core hole@bsorbing atonm results in the following expressions for the
it is limited to infinite systems and gives the analytical solu-€lectron-hole interaction and the transition matrix element:
tion only for the long-time asymptote. The evolution of the
electronic subsystem in the whole time domain, including Ujj =CihCintn,  (e-d)in=cird, )
also finite systems, has continued to be an open question, a%ered=f¢:§ (e-r)1s,dr. It is worthwhile to note that the
to our knowledge a theory based on such a strict solution Ofeadjustment of the Fermi sea in the field of the core hole
the ND equation has never been implemented. suppresses  strongly the coupling  strerigth, u,

A key problem in the theory of x-ray spectra, and a g°a|=(¢nlsn|¢nlsn)>0.
of the present work, is thus a search of methods for a strict \ye start out from the time-dependent representation for

solution of the ND_ equation in_the whole time domain. Theihe cross section of x-ral absorption, which is the sum of
present paper derives such a time-dependent method and afa contributions from each absorbing atom
dresses several issues concerning core-hole relaxation and

interaction within the Fermi-liquid framework. The tech-

nique developed here to solve the ND equation is based on o(w)=2 o),

the reduction of the integral ND equation to linear algebraic "

equations and is adapted also for finite systems. Using this w

technique the spectra of infinite systems is computed as an ¢ ,(w)=4maw Rej dt(0| D] (t)D,(0)|0)el =t

extension of the size of the finite system. We test our formal- 0

ism by applications to several main x-ray spectroscopies: -

x-ray absorption(XA), nonresonant x-ray emissiofXE), :477aw|d|2Ref dtelle=K (t—0t). (3)

and x-ray photoelectron spectroscdp§PS), with the ambi- 0

tion to implement a similar technique in a more complicat_ed|_|ere a=. The cross section takes the form of a half-

many—t_)ody treatment for resonant x-ray Raman scattering=,rier transform of the two-electron propagator

That will be the subject of a forthcoming pagékVe use the

formalism to explore the appearance of x-ray spectra versus

the strength of interaction with the core hole, versus band Kn(m,t)=2, ¢k cin(0|T{bl(t)a;(m)a] (0,)b,(0)}|0),

filling, and versus the time of interaction with the radiation. .

A special accent is also made on the role of excitonic states

and on the applicability of the final-state ridefor finite

systems. with A(t) = exp(Ht)Aexp(—Ht) andI is the lifetime broad-
The content of the paper is as follows. The basic NDening of the core excited state. The basic ND assumption of

theory of x-ray photoabsorption is described in the next sechoninteracting valence electrons yields the following elec-

tion. Section Il addresses our main result, the reduction ofronic Hamiltonian(see Appendix A

the time-dependent ND equation to an algebraic problem.

The different limiting cases and the role of the band filling

are discussed in Secs. Il Aand 11l B. We implement in Secs.

IV and V the developed formalism to nonresonant x-ray

emission and core-electron photoelectron spectra. The exci- - )

tonic enhancement of many electron transitions is discussed En=Ent+ UnzF |Cinl*. )

in Sec. VI. Sections VIl and VIII embody the details of nu- '

merical simulations and the discussion of the applicability ofWe use notationg; and E,, for the Hartee-FockHF) ener-

the final-state rule to the finite systems. The characteristigies of valence and core electrons, respectively. The symbol

times of the electron dynamics and the time evolution of thé >F means that theth one-electron level is unoccupied and

XA, XE, and XPS profiles are studied in Sec. VIII E. Our vice versa. We emphasize here one qualitative distinction of

findings are summarized in the last section. the valence and core-electron contributions to the Hamil-

tonian (5): contrary to the energy; of the valence electron,

EHEEH— u, is not equal to the HF valug,, . The often used

We considerK photoabsorption with the photornw(e) identification ofEn andE, is thus jncorrect, for example, it
and the dipole operatdp,=3(e-d;,)a'b,. Hereb, anda/  results in a violation of the Mannebrg(MA) theorem**°

o< r<t, (4)

H= EI: eala;+Eqblb,— %: ujaa;b,byf,

II. BACKGROUND THEORY OF X-RAY ABSORPTION
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(Secs. IV and VI, and Ref.)8 Obviously,E, andE, differ ~ @n(e,t)
strongly due to the sharp dependencyeqf(5) on the filling

of the valence band. c m| ‘Pl(t) (e—ept
- ) - 1+ 2 Some s _ + _ eL €~ €
A key step is the profound idea of Norés and De Hni LO(ep— )+ b~ <) |
Dominici<® to treat the core hole as a nonstationary classical ~— 1+u,ReG,(€)
scattering center switched on during the time lap6g] (12)

(but not as a particle Due to this the correlatoK,(7,t) learl findz h "
factorizes into the product of the one-electron Green'<Clearly, to finden(et) the quantities

functions for valence [¢,(7,t)] and core @,(t)= =
— (0| Th,(0)bl(1)|0)) electrons, ei)=en(e 1 (12
must be known. However, to determine these functions we
Kno(7,t)=on(7,1)g,(1). (6)  must knowg,(€;,t). To escape this vicious circle, the finite-
) _ ) ) _ ness ofp,(e,t) is used. One can show that, inde@&g(e,t)
The dlagrgmmatlc technigfieor the equation-of-motion s finite for t<o everywhere on the real axis, as well as
formalismt® leads to the ND equations when e approaches the rooB) of the equation
t ny _
en(70)= o)~y [ Gol= r) (00, L+UnReGn(E)=0. 13
0 Because of thap,(e,t) is finite, and the nominator of the
right-hand side of Eq(11) must be equal to zero in these

e t . )
gn(t): Lg(t)e[lEnH—An(t)], An(t) = unJ QDI‘](OJr ’tl)dtl- pOIntS.
0
(7) 1+u 2 [ |n| @it )[0( F_E)+0(€I_€F)eL(E “)t]
When the interaction with the core hole is neglectgg,r,t) :
coincides with the free-particle Green’s functidd,(7) =0, ¢(0)=1. (14

=0(7)G, (1) +6(— )G, (7). This results in a Hartree- . o .
Fock expression for the cross sectit8). Here (1) is the T_he solution of these algebr_alc tlme—dep_endent equations
step function, which is equal to one whew 0 and O other- 9IVe€S what we negctoi(t). The inverse Fourier transform of
wise, G; (7)== i3 |cin|20[ = (er — €) Jexp(—1e7), andex  Pnl€l) (8), (11) yields finally
is the Fermi energy.
en(T,t)=— ’*E E |C|n|2¢|(t)§|a ~ e 7Ei)ty 0.

(15

The residues of the functions(e,t)e ‘<" ate=E! obey the
useful sum rul&

IIl. REDUCTION OF THE ND EQUATION TO LINEAR
ALGEBRAIC EQUATIONS

First of all we perform a Fourier transform of the ND
equation(7) and extract the free-electron Green’s function,

o n n -1 |Ean| 2
_ ~ _ LeT 2 giazl' gia: . 2:un =0
QDn(G,t)—Gn(G)(Pn(G,t)— dTe QDn('T,t)- (8) a n |CJn| € Ea
—» un(Ea_Ei)Ej EN_
o €j
It is instructive to write the Fourier-transformed ND equation (16)
(see Appendix B The reduction of the ND equation to the algebraic problem
_ (11), (14), and(15) constitutes the main result of the present
[1+ Un ReGA( E)](,Dn(é,t) paper.
up (= Im Ga(e;) ~ The zeroE", of the denominator 6§, (e,t) (11) are noth-
=1+ ?f delcpn(el,t)T ing else than the spectrum of the “completely relaxed” va-
—o 1

lence shell due to a core hole in théh atom. One can see
X[ O(er—€1)+ 0(e,—ep)eteDt]  (9)  thatthe eigenvalue proble(@3) is equivalent to the standard

secular problem associated with the equations
in terms of real and imaginary parts of the advanced Green’s
function, .(En_fHE Viag;=0, Vi=uncicj,. (17

ijQaj

C.
ReGa(e) =P, -, ImGa(e)=72, |cin|?d(e—€).  The eigenvectorsa,} define the wave function of a valence
' (10 electron in the field of a static core hole,

Making use of the expression for the density of states :,,nzz a”-z//:z () = =E a"c.
Im Ga(€) we obtain from Eq(9) o g e ani . man e Falmine
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gn(t)=—i6(t)eEnt. (23)

Z lal [2=1. (18)

Thus, when the occupancy of the valence band decreases, the
o o XA cross section becomes closer to the one in the adiabatic

A. Limiting case: Fast and adiabatic XA limit (complete relaxation

According to Eq.(3) the duration of x-ray absorption is
restricted by the lifetime broadening. One can treat XA as a
fast process when, ,Ae<I". HereAe is the effective width o ) .
of the valence band. In such a case the valence electrons X-ray emission is an inverse process of x-ray absorption
have no time to rearrange in the field of the core halg ( @nd the theory of the two processes follow similar steps. In
—0): EM= €~ Up|Cin|2, &u=04i, @i(t)=1. Hence, the XA contrast to XA, the initial state for XE is an ionic stgte
cross section is defined by the unperturbed propagatordith @ core hole(in the nth atom. The *relaxed” one-
en(T,1)=G,(7), g,(t)=ieEnt, andK,(7,t)=ieEn'G, (7). electron statesi! ,E") (17), (18) form the vacuum statim).

An adiabatic switching on of the core hol@t]=  The golden-rule expression for the emission probability per
[ —o0,0] forms the other extreme case. The system now hasnit time P(»") suggests the following time-dependent rep-
time to relax completely. The corresponding valence proparesentation:
gator(7) reads

IV. NONRESONANT X-RAY EMISSION

’ (aw’)3 * —i(tw"+T)t T
6= OO s o HEe) Po(w)= 5 7-Re| dte (n[DY(1)Dy(0)|n)
(€)= 1+u,Gple) 4 Can e—EN+.0 (o2
aw © ,
0(EF_E2) 19 = 2,71_2 Refo dtei(bw +F)tKn(t_O:t),
e—EN—.0]" 19
. _ dP(w")
The cross section for these two limits reads Plw")= mzz P,(w"). (29
n
G,(w+E,,I' fast, I
o' w)= —27aw|d?Im D [ f(w ! ) o Now the Hamiltonian readsH=3 ,E"a’a,+&.blb,
[ Gn(0+Ey 1) adiabatic. 4y b alablb,, whereul,=u,E Es. The relation
(20) of &, with the HF energy of the core electron will be clarified
Here, by Eqg. (31) below. The two-electron propagatdt,(r,t)
=3, CanChn(N| Thn(t)a}( 7)a,(0)b/(0)|n) factorizes simi-
_ _ larly to photoabsorptiorn6): K,(7,t)=gn(—t)¢n(7,t). The
_ 2 _En n n n
Gn ()= Z”TC;F [Canl*Ale—EL,T), Green’s function of the valence electrep(r,t) satisfies the
ND equation(7) after the replacementst,— —u,,, G,(7)
_ —Gy(—17), and G,(7—711)—G,(m1— 7). The propagator
E,=E/—u, ZF [€anl?, (21)  G,(7) has the same expression @g(7) (7) after replace-

ment (€ ,Cin) —(E) C4n). The expression for the core-

andA(e,I')=T"/m(e?+T?). The lifetime-broadened unper- €lectron Green’s function resembl&d

turbed Green's functiorG, (¢€,I") is defined by the same
expression(21) after replacement§,,—c;, andE)—€; .

B. Limiting case: Empty valence band

To understand the role of the band filliid we consider

On(—)=—cO(t)exd — St —A(D)],

A(t)=unf0tdr<pn(0+ 7). (25)

the XA profile of the completely empty valence banql. With' The solution of the ND equation is similar to XA. The final
out valence electrons the creation of electron holes is impOS§agyit reads

sible, and the final states are well-defined as strict Hartree-
Fock states in the stationary field of the core hole. When the

valence band is empty, E¢L4), it is brought into the form

2 |Cin|2(Pi(t) QUEN— et
Up’

EZ_ €; (22)

i>F

This and Eq.(16) show that the propagato(g), (15) coin-
cide with the “completely relaxed” Green’s functions,

_ ~ - n
(Pn(Tit):gn(T):_Lz |Can|ze ED‘T'
a>F

T 67— 1(€—E"
@n(Tyt):LZF Z [Canl®@a(t)é et G E 70,

(26)
Here,
1 |Cin|2
£ai ey Ui g 2 =1
un2ﬁ|c,8n| ( EH)Z
B

(27)
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The functionse,(t) satisfy algebraic equations, which are V. INNER-SHELL X-RAY PHOTOELECTRON SPECTRA

similar to Eq.(14): The next important process we consider is photoioniza-

|~an| @, (t | tion of a core electron. When the photon energy essentially
E E” [G(E”— eg)+ 0(ep Eg)e"(ei’Ea“] exceeds the ionization potential of the core electrpnthe
cross section of the XPS process reads

=0, ¢,(0)=1. (28
cr(s,w)=2 on(e,w), o,(e,0)

A. Limiting cases
1. Fast and adiabatic XE =477aw|dp|zlmf dtd oo -Tig (1), (33)
Analogously to XA(20) it is straightforward to write the 0

formulas for the XE probability in the extreme limits, . .
P Y Heredp=f¢; (e-r)1s,dr andy, is the wave function of the

(aw')3d|? Gi(w'+&,.T) fast photoelectron with momentum and energye.
PL*a(w )= ———— mE N ) _ When the valence band is completely filled, the valence
4 n |Gl (0 +&,T) adiabatic. : _ ;
n n propagatof15) is equal to zerog,(7,t) =0, and the Green’s
(29 function coincides with the unperturbed ong,(t)=

Here & =&+ un2j<F|Cjn|2a —16(t)expELt). This results in a single resonance for each
atom (N resonances for the whole systemith the unper-
turbed ionization potentialk) (34).

The case of an empty valence band was considered above;
o ) N according to Eq(23) the Green’s function of a core electron
The same expression is valid far, (e,I') after the follow-  coincides with the propagator in the limit of complete relax-
ing replacementst,,—Ci,, E,—¢€ . To find &, we first  ation. In this case the photoelectron spectrum of each atom
note that (-E;) (21) in photoabsorption and that—£)) has a single resonance with the HF ionization potei(84l.
means the ionization potential of the core level in the case of The partial band filling “opens” the shake-up channels;
full relaxation of the core excited state. Clearly, they must behe many-electron resonances appear on the high-energy side
the sameE; =&, . This yields of the XPS spectrum. It is readily understood that the main
one-electron resonance is shifted relative to the center of
gravity (&), into the low-energy side when the shake-up sat-
ellites appear. This is in accordance with the MA
theoremt*>8which states that the center of gravity of the
XPS spectrum of a core level

Gr(eT)=2um > [Cunl?A(e—ELT). (30
a<F

5n=En_unz |Cjn|2+ On
J<F

On=Uy ;: |Cin|2_ §>:F |Aéan|2 . (31
' “ (e)n=w—1% 1°9=—E, (34)
It is interesting to note that this formula differs from the

expression foEn (5). is equal to “Koopman’s value?see also beloy

2. Completely filled valence band VI. EXCITONIC STATES

The role of band filling is clearly seen when the valence \When the interaction strength exceeds the critical value
band is completely filled. This limit is inverse to the limit of y_,

empty valence bands in photoabsorption, but displays the
same physics. The electron-hole pairs can then not be created Un>ug=2|8, (35
since no unoccupied states are available. The only role of the
annihilation of the core hole due to an emissive transition ighe lowest level is split off far from the main body of the
to rearrange the relaxed valence states into unrelaxed oneglence spectrum of a core-hole state. For an insulator, such
The calculations are very similar to the photoabsorption casea local or excitonic level can appear also in the gap between
Making use of Eqs(27) and(28) one can see that the propa- occupied and empty statéhis case is not considered here
gators(26) and(25) coincide with the unrelaxed ones in this The probability of shake-up transitions is enhanced strongly
limit: when the photon energy is sufficient to excite the second
electron from the excitonic level. This leads to an additional
high-energy band in the XA spectrum and in X¥$/ The
threshold of this band,,+ A, is shifted to the high-energy
side relative to the main thresholg by A, which is the
Ciy— —E/t energy of excitation from the excitonic level to the bottom of
9n(—0) Lo(tye” . (32 the unoccupied states. Clearly, the number of split levels is
The probability of x-ray emission is now given by the adia- equal to the number of equivalent atoms because each atom
batic limit (unrelaxed approximation29). has a particular relaxed spectrum.

gon<r,t>=Gn*n<—r)=L;F |cin| 24417,
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The “strict” analysis shows that without a core hole the L e LA L A
final state of the XE transition effectively lacks the signature Frozen
of an excitonic state. One can only expect such a signature it - 1
a many-electron framewortshake-up transitions related to VL YL YL
nonorthogonality of the one-electron orbital of initial and 20 - .

final states The intensities of these transitions are weak and
tend to zero with an increase in the size of the system. We " ]
note that the absence of the secondary threshold in XE fron
metals was predicted by Combescott and Nie=&’ The fast
approximation(29) yields on the other hand a strong exci-

units)

tonic peak in XE, but this limit describes the real physics —g r ]
poorly. = 0 i - 1 | 1
]
S el 1 1 1 L ! Lo
VII. COMPUTATIONS -
o L EXC Relaxed
In the numerical simulations we study XA, XE, and XPS é‘

from the prototype systems containing linear chains of finite § 150 - .
length. In particular we focus on the linear even polyenes~=

with N=2M atoms. The molecular orbitdMO) coefficients

and MO energies of such a one-dimensional tight-binding 100
model are given by Coulson formulas,

1/2

2 [ inmw i 2 i 50
Sn=\NwT) CSMNET) aTeTPONRET)
(36)
The parametep defines the width of the valence band. We 01 5
neglect the site dependencelfand the interaction strength
u,. The following parameters are used in the simulations: g (eV)

a=0, B=—2.4¢eV, and'=0.09eV. We put the reference . _
point of all energies in the middle of the unperturbed spec- FIG. 1. The lifetime-broadened unperturbed a_md relaxed density
trum of the valence band by setting=0. The lifetime- O States IMG(eI) (10) and Intj(e,I') for the midatomM = 15.

. . .. N=30,u,=4eV,['=0.09eV, andB=—2.4eV. The strong low-
grr]%a\:\(lj:?r?dlzgenf It{ect)fusstartéél;gé) tc;‘faih%;tllij% t?r(:les-ésrtoea:?je:ie qe;nergy p_eak in the lower panel c_o_rresponds to the excitonic_ state.
. . he vertical arrows show the position of the Fermi level for differ-
DOS is obtained from the DO%L0) by the replacement ent band fillinaso = & 0.52
S5(e—e)—A(e—¢;,I'). To evaluate the XA cross section g%e=130s
(3) we need the propagatar,(t,t) (15. The sum rulg(16)

results in a very useful formula earlier in Ref. 5. This method requires much larger compu-

tational time and we used it only as a tool to check our main
code.

en(t0= =12 [cinl*ei(De !, (37

_ _ _ _ _ . VIIl. RESULTS AND DISCUSSION
which we implemented in the simulations. A similar result

for the valence propagat@®6) is straightforward. A. XA spectra

We start the computations of XA and XPS by finding the  The interaction with the core hole may be activated in
“relaxed” one-electron statesE(}, ,€,,,) (17). The functions  three ways: fast, adiabatic, and explicit, according to the evo-
¢i(t) are computed for discrete timésas a solution of the lutional ND equation. The XA spectral shapes in the fast and
time-dependent algebraic equatidm). At the next step we adiabatic limits copy the densities of unoccupied unrelaxed
evaluateg], (16) and the propagators,(7,t) (15) for differ-  and relaxed states, respectively. These densities of states are
ent times. After that the core-electron Green’s functionis  the parts of the DOS lying above the Fermi levElg. 1).
evaluated. The final step of the numerical procedure is thdhe comparison of strict calculations with the adiabatee
calculation of the correlatoK,(t—0;t) (6) and the partial laxed approximation are shown in Figs. 2 and 3: The fast
and full XA (3) and XPS(33) cross sections. To see the role approximation leads to worse results, showing the inverse
of the electron-core-hole interaction, the XA cross sectiorintensity distribution, Fig. 1. The photon frequency is given
was also computed in the framework of the fast and adiabatibere relative to the core ionization potential of the midatom,
limits (20). The numerical procedure for XE is similar to which isly=—Ey, in the fast limit, whilel,,= —Ej}, in the
XA. strict and the adiabatic calculatiofi20). The role of band

We also implemented the direct numerical solution of thefilling (the ratio of the number of occupied states to all va-
Dyson equatiori7) using the discrete time grids as was donelence states
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FIG. 2. The dependence of XA on band filligy(398). (a), (b2), )
(c), and (d) show the partial XA cross section of the bullM(h) FIG. 3. The site dependence of XA spectra: exact results versus

atom, while(b1) shows the total XA cross section from allatoms ~ @diabatic approximation. Panels with=1,..,5 present adiabatic
(decreased by 30 timesThe solid line: strict solution; the shaded (filled profiles and strict(solid lineg partial XA cross sections. The
profiles and dashed line: adiabatic approximation. The numiers ol cross sectionsipper panelare decreased by 2 times. The bars
=2.36, 1.85, and 1.33 denote that the corresponding adiabatic cro§§0W the relaxed spectrurfE]} (13. N=10, ¢=0.3, andu,
section is enlarged bl times.N=30; u,=4 eV. =4 eV.

relaxation energie$E"} (Fig. 3). Similar to Fig. 2, one can
observe a better agreement between the strict and adiabatic
approaches in the high-energy region of the spectra. Contrary
to the partial cross sections, the total cross section is en-
can be seen from Fig. 2. The adiabatic approximation differqanced close the XA edge where the MND singularity forms.
from the strict calculation main[y in the region adjoint to the Apparenﬂy, the total XA spectrum is close to the XA Spectra|
XA edge where the Mahan-Nozis-De Dominiciss(MND)  shape of the midatom for the long chains where the site
singularity begins to form. One can see the expansion of thgependence is negligible.

region of coincidence of the discussed spectral profiles to- Both Figs. 2 and 3 show that the adiabatic approximation
wards the XA edge with a decrease of the band fillng (20) gives a smaller area of the XA profileg?
Both spectral profiles coincide exactly for an empty band = [0¥(w)dw=4m2aw|d|?S - [E,4/2 than the strict ap-

=0 (Sec. Ill B). Since the excitonic level is now empty, it proacha, = [o(w)dw. A reason for this can be found in
becomes active in XA and gives a dominant contribution, following sum rule:

because ofi,~u, (Fig. 2. The comparison of Figs.(&t1)

and Xb2) indicates that the spectrum of a bulk atom repro- ‘ ) ) o a

duces the main spectral features of the total XA cross section on=0op=4maw|d| ;F |Cin|“> 0, (39)

of the chain withN= 30.

Let us now turn attention to the site dependence of the XAvhich states thair,, coincides with the fast limit valfeo? .
spectra of the moderate size chain whitk- 10 (Fig. 3). Both  The adiabatic cross section is suppresseg; a,,, since the
strict and adiabatic approaches demonstrate strong site dexcitonic state borrows the main part of the relaxed density
pendence of the XA profile, referring both to intensities andof states InGa(€) (Fig. 1).

o= N Osp=1, (38
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FIG. 4. The dependence of XE from the bulk atom on the bandions on the chain length for the bulk atom= M). N=50, 30, 16,
filling e (38). The shaded profiles and solid lines present the resultd-2, and 8. Solid line: strict time-dependent calculation; shaded pro-
of the adiabatic approximation and strict approach, respectivelyfiles: adiabatic approximatiof29). The arrows indicate position of
The shaded profiles iic) and (d) are enlarged by 1.1 and 1.37 shake-up resonances. Vertical lines show the margins of the occu-
times, respectivelyN=30; u,=4 eV. pied valence banfi-4.8; 0] eV. ¢=0.5; u,=8 eV.

N
(o2}

B. XE spectra The dependence of XE spectra and shake-up transition

Opposite to XA, x-ray emission in the fast and adiabaticintensities on t_he_ length of the system is illustrated by Fig. 5.
approximationg29) copies the densities of occupied states,When the chain is short, we see clearly weak shake-up reso-
which are, respectively, the parts of the relaxed and unred@nces below the main body of the XE band. The first
laxed DOS below the Fermi levéFig. 1). We first analyze shake-up resonance occurs due to transitions of the electron
the role of the band fillingFig. 4). To be specific we treat the from the highest occupied MOHOMO) to the lowest unoc-
midatom and consider the frequency of the emitted photogupied MO(LUMO). The amplitude of shake-up resonances
relative to the core ionization potential of the midatom; thisdecreases with the increase of length of the system. The dis-
is Iy =—&y in the fast limit, whilel y=—E},= — &y, in the  tance between shake-up resonances decreases with the in-

strict and adiabatic calculatiorf29). A consideration of the ~crease of the system length due to an increase of the density
fast limit case(Fig. 1) shows that this limit is too crude for of states. The shake-up resonances move towards the bottom
XE: In contrast to the case of fast absorption, neither thef the occupied band due to a decrease of the gap between
strict approach nor the adiabatic limit shows excitonic resoHOMO and LUMO with an increase df. They form the
nances(see Sec. Ml Similar to photoabsorption the adia- low-energy tail in the XE spectra of long chains. The forma-
batic approximation agrees with the strict calculation, exception of the “double peak” shape of XE is clearly seen for
for the region close to the Fermi level, where one can see th@rgeN. The low-energy peak is due to the unrelaxed density
trend of a formation of a MND singularity. The agreementOf states(Fig. 1), while the stronger high-energy peak shows
improves essentially with growth of the band filling. When the formation of the MND singularity.

the band is completely filled the adiabatic approximatide Similar to XA, the area of the XE profile,Py
unperturbed density of statesoincides exactly with the =[P3(w')dw’=[(aw’)3|d|?27]Z;-¢|cin|? in the adia-
strict solution(see Sec. IVA 2 batic approximatiorf29) is smaller than in the strict approxi-
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mationP,=[P,(w')dw’ (see Figs. 4 and)5To understand - : : : ' :
this we consider the sum rule,

(01(1)')3|d|2 B
—— ZF [ n| 2> P2, (40)

P,=P!
which says thaP,, coincides with the fast limit vall?eP{,.
Hence, the reason fd?,> P2 is the enhancement &, due
to a large excitonic contribution in the sum overin Eq.
(40) (see Fig. L

C. The final-state rule for XA and XE

The analysis of XA and XE above shows that the relaxed
solution describes the XA profile well while the frozen or-
bital approximation is more appropriate for the analysis of
XE data. Indeed, the relative resonant energies of XA and
XE one-electron transitions are equal to the adiabatic values
w(1sy— ) —1,=E], o(¢i—1s))—1,=—l;=¢, respec-
tively. Herel; is the ionization potential of the valence level.
However, it is clear that such an agreement for the spectral
profile is not complete, for example, because of the MND
edge singularities von Barth and Grossmann formulated the
so-called final-state ruléSR).1? The intensity distribution is
a product of the adiabatic and the ND profilsse also Refs.

X-ray absorption cross section (arb. units)

19 and 8. This rule adapted for the discrete spectrum reads I RN e of [
MMMTM M
op(@)=0p(w)Ay(0), Phyo')=Pie")A ('), L ] Nilar Mikas Siaar saar
2 anl2 2 @5 B
€ é\n é\n
A”(w):K<(w—ei—In)2+I‘2 y @p= ;‘(?) FIG. 6. The final-state rule in x-ray absorption by the bulk

(41) (Mth) atom. Dashed line: fast approximati®@0), dashed line with
filled circles: adiabatic approximatiof20), solid line: strict solu-
The parametek is here defined from the best fit to the strict tion, and shaded profile: final-state ry#l). The shaded profile is
solution. The phase shift due to scattering of the valencenlarged by 5.7 timeN=40, 0=0.5, andu,=4 eV.
electron on the core hole can be calculated using the Friedel
formula?®’ culation. When we implement FSR for X@&ee Fig. 7 we
N obtain an even worse agreement between the fast approxima-
€~ E; tion and the strict result. A salient disagreement concerns the
eHl—ei)' region for the strong excitonic peak given by the fast ap-
. . roximation(see Sec. Jlwhere the strict result only shows
The ND theary operates with the phase shift at the Ferm ery weak two-electron satellites. The adiabatic approxima-
surface. We encounter some uncertainty concerning the valyg, ;' e nroduces exactly the transition frequencies, however,
of & in Egs.(41) and(42), and the best agreement with the yhe intensity distribution differs essentially from the exact
exact solution for XE is received whes is equal to the  gpectrym. FSR improves the adiabatic approximation up to
energy of the highest occupied valence lewel In the XA 4imost complete coincidence with the strict calculation. It is
case the best agreement is obtained whecoincides with  necessary to point out that the FSR correction increases the
the energy of the lowest unoccupied valence level. The FSRmission ‘intensity near the top of the occupied band where
expressions coincide with the adiabatic limi#§(w) and  the MND singularity appears. We note that the discussed
PR(®") when the interaction with the core hole is wedk,  trends are typical for all atoms and different lengths of the

0= 77( (42)

<. chain.
Figure 6 shows the photoabsorption by the bulk atom. The
intensities as well as the transition energies in the (ste-
TR . . D. XPS t
laxed limit differ strongly from the strict values. The transi- _ spectra _ .
tion energies in the adiabaticelaxed approximation coin- The XPS profile of theath atom consists of only a single

cide exactly with the strict calculation. One can see a certaiiesonances — e =19, if the interaction with the core hole,

improvement also in the intensity distribution, except at theis neglected. To be specific we discuss here the spectra of the
edge where the MND singularity forms. The FSR correctionMth bulk atom. With an increase of, the shake-up transi-

of the adiabatic approximation changes the picture drastitions begin to form the high-energy tail of a main peak, Fig.
cally: We now see quantitative agreement with an exact cal8. As soon asi, approachesi,,=4.8 eV (35), the shake-up
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USRI ,’+ 1N x5 different strengths of interaction with the core holg. N=40, o
h [ ! ﬂ v .
: sy o\l"\\ f : ;‘\ ;L i ] =0.225. The full XPS spectrurtsummed over all atoms and di-
R R L 2 S AR vided byN) is shown by a dashed line. The filled and hollow arrows
b oooseaecss? o-e-o Pt . . .
;N A N hoo mark shake-up transitions from excitor{idled profiles and from
7 S~ Itz (\\,I \ 7\ 5 . .
0 = P i HOMO to LUMO, respectively. The centers of gravity of the spec-

8 -7 6 -5 -4 -3 -2 -1 0 1 - ;
tra coincide exactly witho—e=19 (34).

o'-T, V)
nance(Sec. V). The intensity of the excitonic band increases

FIG. 7. The final-state rule in x-ray emission by the bulkth)  with the decrease of the band filling up &o—0. Whenp
atom. Dashed line: fast approximati¢®9), dashed line with filled — 0, the excitonic threshold takes a minimum value equal to
circles: adiabatic approximatioi29), solid line: strict solution, and the distance of the local level from the bottom of the main
shaded profile: final-state ruld1). The arrow marks the shake-up valence band. Again, only one-electron resonances form the
band. The excitonic peak in the fast XE spectrum is marked byxpS spectrum when the band, as well as the excitonic state,
“EXC.” The FSR, strict,. and adiabatic profiles are enlarged by 15vi.s empty. Such a discontinuous dependence of the excitonic
5,_ and 5 times, respectively. The other input data are the same as fyng intensity on the band filling is due to a special shape
Fig. 6, exceptN=20. of the density of states, Fig. 1, which takes a maximum value

at the bottom and at the top of the valence band. It should be
channels involving the excitonic level are opened. The gagnentioned that the intensity of the excitonic band peaks near
between the main and excitonic thresholds becomes larggd~0.5 if the unperturbed density of state has a belllike
with an increase ofi, because of the lowering of the exciton Shape/, which is opposite to that used hefféig. 1).
energy. The site dependencelgfleads to a broadening of ~ Both Figs. 8 and 9 show that the shake-up band reduces
the spectra. This effect though can be neglected for |on$he intensity of the main one-electron resonance. The reason
chains. The comparison of the whole spectrigrashed ling or this is the constant value of the area of the XPS profile
with a spectrum of bulk atomsolid line) of a long chain  (33): [o(s,@)de=4m*aw|dy|?. The center of gravity of
confirms this, Fig. 8. XPS coinciges exactly with the HF val84) in accordance
. . H 4,15 H H

We consider now the spectra of bulk atoms when the inwith the MA theorem®*® (Figs. 8 and @ The main one-
teraction with the core hole is sufficient to split the local €lectron peak is pushed out into the low-energy side when
level from the main body of the occupied baffelg. 9. We  many-electron satellites appear on the high-energy &de
see clearly two qualitatively different groups of shake-up‘lever arm” relationship. A deep analysis of this theorem
transitions related with the main and excitonic channels. Théas been given by Aimbladh and Hedit©ne should note
threshold of the shake-up transitions of the main channels ithat the often used treatmentBf, in the Hamiltonian(5) as
equal to the excitation energy from the HOMO to theE, leads to wrong shifts of the XPS bands, and results in a
LUMO. The transition energies are the differences of theviolation of the center-of-gravity theorem.
corresponding energiel), of the “relaxed” spectrum. The
shake-up transition from the excitonic level to LUMO starts g, pynamics of the readjustment of valence electrons in the
the second shake-up band. Apparently, the threshold of the field of a transient core hole
excitonic band(energy distance from main resonahae,,,
=E[umo — Eoxe= €r — Eqoyc increases linearly when the Fermi
energy[and the band fillinge (38)] increases. When the The dynamical aspect of the interaction with a core hole is
band is completely filled we see only a one-electron resothe heart of the studied problem. The natural way to under-

1. The time dependence of propagators
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FIG. 9. The XPS profilg33) of the bulk atom Mth atom) for
different band fillingse (38) and different chain length$l. u,
=5eV>u,=4.8eV (35. The hollow arrows show the shake-up
transitions from HOMO to LUMO. The shaded profiles correspond
to the shake-up transitions from the excitonic level. The position oﬂ
the centers of gravity of spectra is— e= Iﬂ (34).

FIG. 10. The imaginary part of the valence electron propagator
on(t,t) (37) of the midatom.N=150, p=0.5. The upper panel
displays the imaginary part of the free-electron Green’s function
m G,(t). The filled and hollow arrows mark the positions of the
‘relaxation” time 7, and revival timerg (43), respectively. The
following notations are used in the inset of the lower panel. The
dashed line A shows the ND asymptq#®l) with the phasg42)
stand the dynamics is to analyze the time evolution of thes,~0.7. The thin solid line B is the IG,(t) from the upper panel.
valence and core-electrons propagators. Two characteristithe thick solid line is the strict solution.
time scales are responsible for the dynamics:

time lapsery<t<rg, with the XA intensity being redistrib-
uted towards the edge. Figure 10 demonstrates that the ND
70:2777, TRZZ—W v (43  asymptotic solutiot,
A, v
TR>t> ) (44)

7o 1-26, 1w
‘Pn(t:t)%c(t>
The shortest time scale,, describing fast oscillations, is
related to the inverse bandwidth of the unoccupied hapd almost coincides with the strict solution in this time domain
(in our caseA,=2| 8| and 7;=0.9fs). The density of states except for the oscillations. These damping oscillations of the
or distance between valence levels A /M gives the sec- strict solution relative to the ND asymptote are though small
ond characteristic time scatg=0.9 Mfs. Approximate po- whenu, is comparable with the bandwidth. The amplitude of
sitions of these time scaleg and g are shown in Figs. 10 these oscillations is suppressed compared with the unper-
and 11. These times are related with three essentially diffetturbed Green’s functios,(t) due to the “charge transfer”
ent dynamical regions. According to Fig. 10 the first step ofinto the excitonic statéFig. 1).
relaxation, G<t< 7y, is described approximately b$,(t). One can see that the Green’s functioffsg. 10 and
One can ask what happened durifig It is possible to say ReA\(t) (Fig. 11) almost recover their fast oscillations after
that the valence shell relaxed partially during this time. Thethe “revival” time 7y (strictly speaking we have a set of the
motivation for this is seen directly from Fig. 10 showing the revival times. The display of the fine structure of the mo-
relaxation suppression of the oscillations @f(t,t) com- lecular spectrum including the sharpening of the MND edge
pared withG,(t). singularity begins during the third step of the evolutidn:
The MND spectral profile begins to form during the next > rz. We discover here that for finite-size systems there is a
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breakdown of the ND asymptote for large times, 7y (Fig. )
10). The revival time(43) tends to infinity when the size of Im P~ Sin(w—wno) T
the system increase®N(~=) and the spacings between va- W= Wno
lence levels disappear. This is the case of metals with a con-

tinuous spectrum. Clearly, to see the fine structure, the life-

time and the measurement time must exceed the revival timé’his expression implies that the interaction of radiation with
t>14 (see also the next sectipnit is interesting here to a target forms a periodical sequence of absorption and emis-

observe that the time lapg@4) for the validity of the ND sion for times shorter than the lifetinfi&?? Let us note that
asymptote becomes smaller when the size of the system gthe averaging of the signal over the finite time of a measure-

creases. Moreover, the ND scenario has no time to develo{ﬁent removes the negative contributi&ﬁgw hat we learn
for small molecule\< 10, wherery~ rx. rom Eq. (45 is nothing but the uncertainty relation: The

spectral resolution cannot be better than the inverse delay
time 1/T. Figures 12, 13, and 14 demonstrate that the forma-
2. Time evolution of XA, XE, and XPS profiles tion of narrower spectral features requires more time. This is

We consider now an experiment with a finite time deTay ~ Seen more clearly from snapshots of the XA spectra of a long
between the instant measurement and the beginning of integhain, Fig. 12. Here we first observe the formation of a

action with the x-ray light. The corresponding observablessmooth high-energy part of the spectrum and then the slower
on(@|T), Py(w’|T), ando(e,0|T) are defined by Eqg3), formation of the sharp MND singularity. XE deserves a spe-

(24), and(33), respective|y, after rep|acing the upper limits cial comment in thIS cqntext. Contrary to intuition |n XE We.
in the time integrationse>—T. The results of the corre- do not see any excitonic peak even for very short times. This

sponding evaluations for different tim@sare displayed in ~can be referred to the fact that the characteristic time of the
Figs. 12, 13, and 14. The short-time pictule<1/T') is ap-  readjustment of the relaxed one-electron states due to the
proximately the same for all spectra. We thus see a broagWwitching off of the core-hole potential is the inverse band-
spectral profile with small sign-changing tails. The origin of width of the relaxed spectrumAE7, and that one can ex-
such a signal can be understood from the expression for theect to observe excitonic states only fbx< 1/AE],. How-
imaginary part of the polarization describing the interactionever, the energy resolution 1/T anyway does not allow this

of light with two levels,n and O, in principle.

1
, Aw=s ? (45)
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T T general cases of finite-size systems and provide strict solu-
s 7 tions of the ND equation in the whole time domain. Our
approach is based on the reduction of the ND integral equa-
tion to linear time-dependent algebraic equations. We apply
our technique also to infinite-size systems through extensions
35 | . of the system size.

Clearly, the long-time ND asymptote cannot describe the
whole spectral region, especially not so for finite systems. To
understand the nature of the electronic readjustment due to a
molecular core hole we explore the evolution of the valence
and core-electron propagators as well as the full x-ray spec-
tra on the real time scale. The present study of the electronic
dynamics in the whole time domain demonstrates a richer
dynamics for molecules compared to solids. Two character-
2 istic time scales responsible for the relaxation dynamics were
found, namely, fast oscillations related to the inverse band-
width of the unoccupied band, and slow oscillations or re-
vivals related to the inverse distance between the adjacent
valence levels. These time scales are related with three es-
sentially different dynamical regions, with, respectively, va-
lence relaxation, formation of the MND profile, and forma-
tion of a molecular spectrum and a sharpening of the MND
profile near the edge. These dynamical regions are of course

Time-dependent formalisms appeal to our inclination tovery dependent on size and character of the system, and on
relate observations to processes which progress in time. lthe organization of the energy bands. The revival time must
the area of x-ray spectroscopy and x-ray scattering such fobe smaller than the lifetime and the measurement time to
malisms have proven to be very successful in predicting angroduce a fine structure in the spectrum. We found that the
analyzing phenomena associated to the coupling of nucledong-time ND asymptote ceases to be valid when the time
motion? A goal has been to achieve an analogous formalisnexceeds the revival time, which is proportional to the system
for the electronic degrees of freedom in the formation ofsize. For small molecules this means that there is simply no
x-ray spectra. Such a formalism could, for example, aid intime for the MND singularity to develop. On the other hand,
exploring and understanding the role of relaxation in x-raywhen the size of the system increases and the spacings be-
spectroscopies, which is of fundamental importance for theitween valence levels disappear, as in the case of metals, the
applicability in molecular and material science. revival time tends to infinity and there will be a sharp MND

To our knowledge only the theory of Nozes and De  singularity.

Dominicis (ND) (Ref. 4 has addressed a rigorous time- To estimate the dynamics of the formation of the x-ray
dependent treatment of core-hole effects in x-ray spectra. F@pectra, the XE, XA, and XPS profiles were simulated for
infinite-size systems like metals, the ND equation admits aifferent times of interaction with the radiation. It was found
strict solution only in the limit of large time laps&sWe that short-time interaction leads to broad spectral profiles,
explore in this paper the formation of x-ray spectra in thewhich though is nothing but a manifestation of the uncer-
tainty relation. When the time increases, one can observe a
[ A T T T development of a fine structure and the MND singularity in
' ] XA and XE. The excitonic level, split from the bottom of the
: oo | occupied valence band, appears only in the core excited
120 - ] state. One can expect to observe this level in XE only at the
i very beginning of the emission process. However, in practice
this is impossible due to the large broadening of the spectrum
for short times. The shake-up band related with the excitonic
level is seen clearly in XPS. The manifestation of such a
second threshold in XARef. 17 is weaker.
] The comparison with the strict solution of the ND equa-
] tion shows that the adiabatic approximation describes XA
] and XE essentially better than the fast approximation. This
2 explains the suppression of the relaxation effects in XE of
] gas phase and surface adsorbed molecules. However, our nu-
merical simulations show a quantitative distinction between
the adiabatic approximation and the strict approach. This dis-

FIG. 14. Formation of XPS of the bulk atom as a function of tinction becomes significant for longer chains. To take the

time T. N=20, u,=6, andg =0.2. Solid line:T=cc, nonadiabaticity of the of x-ray transitions into account we

G--0T=3.7fs
---- T=0.73fs

X-ray emission probability (arb. units)

o1, (eV)

FIG. 13. Formation of the XE probability of the bulk atom as a
function of timeT. N=30, u,=8 eV, andp=0.5. Solid line:T

=00,

IX. SUMMARY

XPS cross section (arb. units)
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adapted the finite state rdfeto molecules and found an al- The matrix element of the one-electron operator is expressed
most complete numerical agreement between this rule anda the HF one-electron energy,
the strict XA and XE profiles for chains of different lengths.
The simulations indicate that the final-state rule correction is _ B NPT
important mainly near the XA edge and at the top of the XE hij = €4 ;F LA =GI. (A2)
band.

Special attention was paid to the size of the system. XAThen the Hamiltonian takes the form
and XE spectra clearly show site dependency, which be-
comes negligible for an infinite chain, where the bulk atom HZZ e-aTa—E 2 [Gl]jD) = (il]1] )]a-Ta-
contributions dominate. These spectra show a sharpening of R Tl v 't
a threshold MND singularity with the increase of the system
sizg. We foynd an e_nhancement of the strgngth of the exci- + }2 (ji |k|)aiTaJTakal _ (A3)
tonic band in XPS with a decrease of the size of system and 2 fix
with the decrease of the band filling. The investigation of the

role of band filling in molecular x-ray spectra shows a close! & N€xt step is the selection of the core-electron contribu-

resemblance with the corresponding trend in solids, namelyjion @nd taking into account the Coulomb interaction only
the suppression of many-electron effects towards an emp etween .the. core electrqn and noninteracting _valence elec-
or a completely filled vaience band. rons. This yields immediately the ND Hamiltoni@b).

The computational applications outlined in this work
should very well be extendable to a more preaéeinitio APPENDIX B: THE FOURIER TRANSFORM OF THE
electronic structure framework. In that connection it is rel- ND EQUATION
evant to qualify the limitations of the MND model itself.
This model operates with noninteracting quasiparticles in th%m
valence shell and, hence, neglects collective excitations, for
example, plasmon excitations in metals giving rise to side- u -
bands. This is probably still not of any large consequence forg (e,t)=1+ n f
finite systems. However, the multiplet structure caused by 2m
configurational interaction and exchange interaction with
inner-shell spin can certainly be important and should be en(€,1)=Gu(€)@n(et). (BY)
?ccolume% for |r:j S%/Stemsd“k% transition dmle_tali. Adnother' Efl'lt is convenient to rewrite this equation in terms of the ad-
ect lying beyond the standar MND modelis the ynamical onced Green's function(10) making use of G,(e)
screening of the core-hole potential resulting in the reduction ™ _ B i
of the interaction of the valence electrons with the core hole. CA(€) T2¢0(€r— €)M Ga(e):
The role of this effect is a dependence of the scattering phase U (=
on the excitation frequency. These and other aspects of theg (e t)=1+ _“f de;dn(€1,)IMGa(ey)
limitations of the MND model were reviewed in Refs. 8 and mJ e
10. Notwithstanding these limitations we believe that an ap-
plication of the MND model generalized in the way outlined
in this work can have wide ramifications for the understand-
ing of the formation of x-ray spectra. This conjecture can u "
only be strengthened by improvement or correction of the + _”f de; @, (€1,t)
orginal MND model itself. 2me ) -

The Fourier transformatiSrof the ND equation(7) and
extraction of the free-particle Green’s function give

1— eL( e—et

de; )Gn(el)h‘;’n(flat)a

—€

— oo

0(er—€1)

1_eL(E* et eL(E* et
+

€E— €

€— €

* _ e—eq)t
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Pn(et)=a(e)+b(e)e (B3)

APPENDIX A- HAMILTONIAN is analytical fort>0 in the upper half-plane. The coefficients

The second quantized Hamiltonian wih anda; acting ~ @(e) andb(e) have poles only on the real axes in points

in the HF space reads where 1+ u, ReGp(El)=0. Meanwhile,p,(e,t) is finite on
the real axis.
1 . This allows to integrate the last term in E@2): The
= afa+ = Taf . . A
H_iEJ- hijaja; + 2 % (jilkDa aad, integration contour is lying in the upper half-plane for the

term ~ G} (€,) whereGj(e,) is analytical. The second con-
. N . -1 tribution is integrated over a closed contour in the lower
(l'lkl):f f dxadxoyf (1) 47 (2)1 153 (D) (2). half-plane whereGa(€,) is analytical and expfie; t)—0
(A1)  when Im{)——ce. This results finally in Eq(9).
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