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Abstract

We propose a simple model of core—valence—valence Auger and APECS intensities from open-band solids to account for
the alleged negative behavior of the spectra of early transition metals. In these systems the maximum of the line shape is
shifted by the interaction to lower binding energy, which is the contrary of what happens in closed band materials where the
two-hole Green'’s functiorGf’ allows to understand the phenomenology of the spectra in terms & Mératio of the
on-site repulsiotd to the band widthV. Actually, for open-band solids, only part of the intensity comes from the decay of
unscreened core-holes and is obtained by the two-body Green’s fu&{fdnas in the case of filled bands. The rest of the
intensity which arises from screened core-holes here is derived using a variational description of the relaxed ground state;
this involves the two-holes-one-electron propagdigr that also contains one-hole contributions. We propose a practical
scheme to calculate the three-body Green function by a summation of the perturbation series to all orders. We achieve that by
formally rewriting the problem in terms of a fictitious three-body interaction. Our method grants non-negative densities of
states, explains the apparent negativebehavior and interpolates well between weak and strong coupling, as we
demonstrate by test model calculations.
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1. Introduction frozen during the ionization so that the spectra is

well described [2] in terms of the two-holes Green's
The one-step model [1] of the core—valence—val- funct@ﬁ) by the Cini [3,4] and Sawatzky [5]

ence (CVV) Auger spectra coherently describes the (CS) model.

ionization process and the Auger decay; the excita- The CS model explains the phenomenology in-

tions due to the core level ionization do, in general, volving band-like, atomic-like and intermediate

mix their amplitudes in the Auger decay. For solids situations in terms ofUth# ratio of the on-site

with closed valence bands no electron—hole excita- repuldido the band widthA. For low U/W, the

tions are possible and the valence electrons remain line shape is close to the self-convolution on the
local one-hole density of states; with increasidg

*Corresponding author. W, the shape is distorted until, for a critical value of
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the ratio, two-hole resonances appear. Detailed the apparent nedabtedavior was proposed by
studies of noble transition metals, like Au [6] and Ag Cini and Drchal [17].
[7] led to a very good agreement between theory and  In this theory, the Auger line shape has two main
experiment, and also allowed the direct observation contributions, that we call unrelaxed and relaxed,
of off-site interaction effects [8]. In all these cases respectively. The unrelaxed contribution is obtained
the diagrammatic expansion &' is just a ladder ~ assuming that the Auger decay occurs while the
of successive interactions between the two bare conduction electrons are in their ground stat in
holes. the absence of the core hole. The density of states
For almost completely filled bands, when the which shows up in this contribution is obtained by
number of holes per quantum state<1, closed- G&), like in closed-band systems. However the
band theory can be extrapolated [9]. The core-hole screening electronic cloud that surrounds the core-
screening diagrams a®(n,) and one can assume hole can participate in the Auger decay; this contri-
again that, to a first approximation, the valence bution to the total current is de;crlbed by the Auger
electrons remain frozen during the core ionization, decay with the ground states) in the presence of
and in the initial state of the Auger decay the valence the core hole as initial state. We show that this last
configuration is the same as in the ground state. The t€rm is related to the Fourier transform of the 0
CVV spectra are still essentially described in terms Part of a three-body Green’s function much harder to
of the two-hole Green’s functios®, computed in  calculate tharG». To sum the perturbation series of
the absence of the core hole. Using Galitzkii's low this complex many-body propagator we propose a
density approximation [10] (LDA) the dominant Simple approach in the spirit of the BLA [18].
diagrams of the perturbation expansion of B¢’ Experimentally, one can single out the relaxed
are just the same ladder diagrams which provide the contribution to the total Auger current by properly
exact solution forn, — 0 [11,12]. This is the bare fixing the photoelectron energy in an Auger photo-
ladder approximation (BLA) that has been useful to €lectron coincidence spectroscopy (APECS) experi-
interpret, e.g. the line shape of graphite [13]. The Ment [19-22], where the Auger electron is detected
unexpected result was that the BLA is far better than in coincidence with the photoelectron responsible of

the self-consistent ladder approximation.
The next turn came from experiments on early 3d
transition metals, like Ti and Sc [14], that could not

the core hole creation.

be interpreted by the above theory. The maximum of 2. From the one-step model to the two-body
the line shape results shifted by the interaction to Green’s functions

lower binding energy, which is the contrary of what

happens in closed band materials. Qualitatively the

CS model could work if one admitted that <0,

and such an explanation has actually been proposed

[15].
However, no justification ofJ <O exists; rather,

U >0 and the theory for almost empty bands is no «
simple extrapolation of the closed-band approach.

pairing by positivel is actually possible (see e.g. M.
Cini and A. Balzarotti, Phys. Rev. B. 56, 14711
(1997)) but this requires lobes sitting on different
sites.

Sarma [16] first suggested that the Auger line
shape of Ti looks like some linear combination of the

one-electron density of states and its convolution.

Using this hint, and the general framework of the
one-step model, a simplified microscopic theory of

In the one-step model, the APECS current [1] is
given by:

J(ep,ek) ~2
N N—lé N—

‘(‘1’0 \‘I’j ) (‘I’j

1)

17 N N—-1
‘Ak5(a)y +Eg —H(1)- Epfsk) Ak‘q)j )
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o, tEQtEcE T —g) *

with €,, € are the photoelectron, Auger electron
energiesE, is the core level energy, the incom-
ing photon energyl’ the Auger width of the core
hole andA, is the Auger operator. Since the algebra
is complicated, we seek simplification by physical
arguments. We write:

Ak :2[3 Mcka|B| a‘oq aﬁ (2)
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with Mg, , Auger matrix elementsy, B are the
local orbitals that belong to the Auger site that is, the
site where the primary core-hole belongs; we will
consider only thdocal scattering at the Auger site,
since in this way we drastically simplify the algebra,
and the line shape is little influenced by scattering at
the other sites [23]. Many Auger line shape calcula-
tions in solids performed in this way have shown that
this is a good approximation. L&P}) be the ground
state, with energ)ES, of the system with the core
electron; the fully interacting valence electrons are
described by the Hamiltonian:

H(n)=H1Q)+@2—-ny 6H 3)

n. = 0,1 is the number of electrons in the core level.

{{®;"" ")} are the complete set of eigenstatesHg0)

(so in presence of the core hole), with energies
{E' 1. N represents the total number of electrons.
H(n, contains the electron—electron interaction and
the screening mechanism switched on by the ioniza-
tion via the 5H potential. then Eq. (1) describes the

evolution of[¥g) to each possible eigenstdte )

19
where:
(2) [ _ 1@ (2) [
D(a 8,8/ a;0) = = —JFT(ORG (4 8.8’ )]
(5)
G BB/ it =(— )XW, [T{al (hay (hay, a,, H¥o)

(6)

Here, FT stands for Fourier transform and operators
are in the Heisenberg picture. As above we are using
a special notatiorn,,3 ... to indicate the set of
quantum numbers of thiocal valence spin—orbitals
belonging to the Auger site.

If we assume that the Coulomb valence—valence
interaction between the orbitals of the Auger site is:

> 7)

w<n.p <7

t 4t
MI”IPI"IaI" a"(aTaﬁ

H, = U
the two Auger holes dynamics containedHitl) is

solved exactly in the CS model summing all orders
of the perturbation series of the two-hole Green
Function G®. The diagrammatic method develops

in presence of the core-hole and the successivegq (g)in terms of local non-interacting time ordered

Auger decay. The summation on the excited state
| is the origin of the correlation between the

one-body propagatd®,(«,,5;;t):

photoelectron and the Auger energy measured in Sya,,B:t) = Si(e,8:t) — S(B.ap; — 1) (8)
APECS experiments: tuning the photoelectron

energy it's possible to select (within the Auger width Where:

I') the events corresponding to the decay of a few Sh(a Bit)= — igtia’ (H)a,) 9)
dominant intermediate states in the presence of the ° rer at R

core hole [24]. SS(Boay —t) = —i6(— t)(aﬁla;(t» (10)

The final two-hole density of states is complicated
by the excitations present in the staj@$ ). These
are due to the screening attractive interactigi

between the core hole and the valence electrons.
Only for full bands systems there are no empty states

Here the average is taken over the non-interacting
ground state|y,) with energy E,. Introducing the
non-interacting two-hole propagator:

to create hole—electron pairs necessary to screen they(¢, 8,54t —t)= (T{alll(t)agl(t)aﬁ(tl)aﬂ (tl)}> (11)

core hole; in this case Eq. (1) is greatly simplified

] . - @) e .
because the valence electrons remain frozen duringthe final from of G;** within CS theory is:

the ionization and so the summation over the states )
N-Tyy i GaB.Ba/ ) =9(a BB o)~
{{®; ")} is well approximated by the ground state PPy s RGESARE

|by Yy = [¥y), with the result:
‘J(Gp* Gk)
~ Jipd€) E E M*t:.ka|ﬁ|Mcka|[ﬁD(Z)(alﬁlyﬁlralr;q)

@B of B

+e€ — wy)

4)

> U

mnAT
m<Hp<q

j dt, 9(e Bt —t,) G(Z)(/‘t 0.6 ')
- (12)

Going to frequency space, this becomes a linear
algebraic system. For almost completely filled bands,
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when the number of holes per quantum staje< 1,
closed-band theory can be extrapolated [9] leading to
the same Eq. (12).

Eqg. (12) works also fon, <0.25 and a range of
U/W, however for open bands systems Eq. (12) is a
partial sum of the perturbation series called bare
ladder approximation (BLA) because it uses un-
dressed single particle propagators. Cluster calcula-
tions [25] has shown that is a cancellation of self-
energy and vertex corrections that permits the exten-
sion of the ladder expansion f@'* to largern,,.

The convolution form of Eqg. (12) has further
important consequences. Formally, it is a Dyson
equation in which théJ matrix is an instantaneous
self-energy. Therefore, it grants the Herglotz proper-
ty: for any interaction strengthG® generates a
non-negative densities of states. The Herglotz prop-
erty is a basic requirement for a sensible approxi-
mation, yet it is not easily obtained by diagrammatic
approaches.

3. A variational approach to the negative-U
problem

The above theory, neglecting the summation on
the excited states¢;' ), works well for full or
nearly full bands but fails for early d transition
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is, the ground state of the valence electrons in the
presence of the core-hole potential.
In this scheme, the Auger spectrum has two main
contributionsglaxed and unrelaxed; the latter de-
pendB Qfw), which is analogous to that calcu-
lated for closed bands materials.

The relaxed contribution arises from creating the

two Auger hole in the |gbatehich is totally

relaxed around the core-hole (that due to the screen-

ing cloud has a binding (Ei%rgyEc). Screening
effects that permit the decay df) into |¢) are
described by the screening-widthd it's interest-
ing to note that for long-lived core-hole, When
6 <1, the total current is dominated by the relaxed

contribuign,.{€ ,€ )-
The electronic structure of the staeis calcu-

lated in Ref. [17] usind-times degenerate
Hamiltonian of Hubbard type:

HO =H,+H,_.+H., (16)

where:

Ho =2 EM) N, (17)
ka

is the band termH is the Hubbard interaction

term, and:

Hon=-W2Xn,
@

e—e

(18)

metals. For these systems a rearrangement of thedescribes the coupling of the valence electrons to the

valence electrons after the creation of the core-hole
must be included; in a simplified one-step approach
to this problem [17], Eq. (1) is rewritten as:

‘](Ep'Ek) ~ ‘]relaxe((EpE Q+‘] unrelax&if 'F )(
D¢¢(Ep+ek—wy) . D(W(epﬁ-ek—wy)
(0, +E'—€,)*+T? (0, +E,—¢)?+(T+5)*

] (13)

with:
D, (@) = ($|A;8(w + H(1) — E) A ¢ (14)
D, (@) = (| Al8(w + H(1) — E) A o) (15)

The physical idea is that the summation over the
states|®' ) in Eq. (1) is largely exhausted by
summing over just two orthogonal states, namely, the
ground state|s) of H(1) with energyE and the
relaxed initial state of the Auger transitiojs), that

core hole at the origin. Heren,, =a/ a, are
number operators in the Bloch representation.

The statg¢) can be obtained fromy) by creating
an infinite number of electron-hole pairs [26], and it
is orthogonal tdy), (|¢) = 0 (the so-called Ander-
son orthogonality catastrophe). On the other hand,
the photoemission and Auger spectra can be calcu-
lated with high accuracy, if one includes only the
one and two electron—hole excitations [24]. Thus a
simple class of trial states is analyzed, namely:

[#r=(a+2 buaia.) [¥) (19)

with_the variational parameters,, determined so
that E = (¢|H(0)|¢) attains its minimum. As a result
a simple form for|¢) is obtained:

1) =g 2 Budedl) (20)
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where the statesFa) from which the screening

electron are removed belong to the Fermi surface, as

one would intuitively expect because this yields the
lowest possible energy for the screening electron.
With the form of Eq. (20) used in the second term
of Eq. (15) the relaxed Auger current due to the
decay from the totally relaxed ground-stdi) is
proportional to a three-body Green density of states:

D)

Nzﬁ Zﬁ/ M5 Moy s D@ By v B o' sw)  (21)
ap PP

with:

1
D(@Byv B a'i0)=——J[FT() G(qa Bv.x'B'a"1)]
(22)

G(ay By Bl aoy'5t)
= Tl &} 2, al, 3, a,, )

So we obtain that the Auger-holes/screening-elec-
tron dynamics is described b3, ; unfortunately we
have no recipes like BLA for the three-body Green's
function and the problem of the solution of the
Dyson equation fo6s, is much harder than fag ®.

In the next section we will propose a simple recipe
for the calculation ofG, based on some physical
approximations.

(23)

4. An extended bare ladder approximation

The Green’s function (23) yields the expansion:

® 3

Gy 8ot =3 (-0 [ o[ a,

® —x

(Tial (0 2l 0, () Hy(t)

Ht) a8, ).
(24)
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the BLA to each two-body interaction [17] (see Fig.

1). Together with the all possible two-body interac-
tions we get a single particle diagram corresponding
to the creation of one of the two Auger holes in the
screening cloud (the so-called one-body channel for

the Auger decay).
However, this approximate solution of the per-

turbation series does not treat the two Auger holes

and screening electron on equal footing and the
resulting density of states is not positive defined.
To avoid this problem recently [18] we have
proposed forG, an extended bare ladder approxi-
mation in which all the possible two-body bare
interactions are allowed, as shown by the second
order diagram of Fig. 2. However, the series cannot
be summed easily like in Eqg. (12), because with
three bodies involved we meet an extra difficulty.
For instance, letH,(t) produce an interaction be-
tween the two holes in a given term of the expan-
sion; then, the electron line overtakes titnethere-
fore the diagram doenot yield a convolution of a
function oft — t; times a function ot,. This undesir-
able feature can be removed by using the identities:

Shla,Bit) =i 2 Sha vt —t) SYmBit)  (25)
and
Si(a,Bit) =i 2 Syt —t) SimBit)  (25)

where the summations run over all the complete set
of spin—orbitals. We note that in the limit=

t' - 0", we get the correct normalization only
thanks to the completeness of theset.

To see the use of Egs. (25), consider for instance
the application to one of the second-order contribu-
tions to Eg. (24). Using the standard diagrammatic
rules, we get the l.h.s. of the uppermost equation in
Fig. 2, while Egs. (25), that we represent pictorially
as the r.h.s. of the uppermost equation in Fig. 2,
permits to write the diagram in a form of a product
(in time space) of simple diagrams. In this way,

This describes the propagation of two-holes and one introducing a fictitious X interaction vertex, along

electron in the final state, or, if the electron and one
hole annihilate, a one-body propagation results.

In proposing an approximation to Eq. (24), we
may proceed by analogy wite® using separately

with the true interaction vertex (dot), the diagram is
cast in the convolution form. This useful property
extends to all the diagrams of the bare-ladder
approximation.
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Fig. 1. To a first approximation to Eq. (24) each two-body interaction is solved separately using BLA (represented by the box in all the
diagrams on the l.h.s.). The first three diagrams of the |.h.s. represent the hole—hole and the two possible hole—electron series of scattering
process; the fourth diagram is a non interacting term necessary to avoid double counting while the last diagram describes the dynamics of
the single Auger hole (see text).
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—a e . e ’.
Tlt < A < 0 ’Yl/ - 227 S(] (T[,’Y,t]_ *tQ) Sﬂ (717[5752)
1 2

Fig. 2. Second order contribution to the three-body Green’s function. Using Egs. (25) we cast it in the form of a product of three ‘blocks’.
These are easily dealt with by a Fourier transform.
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4.1. Core-approximation

Using Egs. (25) we got a great simplification for
the second order diagram of Fig. 2. However, the
infinite summations (one for eacK interaction) are
a high price to pay for that. They arise because Eqgs.
(25) imply a summation over the complete setyof
On the other hand, since we uséoagal H,, the dot
interaction involves onlylocal matrix elements
between spin—orbitals; so, we are only interested in
the local elementsS™(«,,3;t). Physically, we may
expect that only the sites which are closest to the
Auger site give an important contribution to the
summations, and we can actually work with a sum
over vy drastically limited to the local stateg. We
have observed above that summing over the com-
plete v set is necessary to get the correct zero-time
limit. To preserve normalization using only the local
states i, as intermediate states in Egs. (25) we
introduce a set of function®(,,3;t) which ap-
proximately factor the propagator in analogy with
Egs. (25) according to the ansatz:

(=i )<al,(t) a3,> ~g R (a it — t’)<a§1 (t) aﬁ>
(26)
and
. )<a“|(t) a;|> ”27:« R (g5t — t’)<aM(t') al >
(26')

wheret’ is any time intermediate between 0 atd
the R“” functions are computed for any t by solving
the system fot’ - 0.

For an isolated core state Green’s function we
have that:

9.(t)

—ie”'%'0 gyt
= Igc(t - t,)gc(t,) vt

therefore we call the set of Eqgs. (26) core approxi-
mation (CA).
The ansatz is also correct in the strong coupling

(27)
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Thus, we regard the ansatz (26) as a physically
motivated approximation, which must be tested
against exact results for its validation.

4.2. Summing the three-body ladder

Working out the core approximation (CA) like in
the second-order case showed in Fig. 2 one can
compute all kinds of ladder diagrams, to all orders.
The partial sum of the series (24) that one obtains in
this way will be referred to as core-ladder-approxi-
mation (CLA). From now on onlylocal indices
appear so we shall dispense ourselves from showing
this explicitly. At ordern of the perturbation series
for G, we get the six contributions represented in
Fig. 3; Fourier transforming and summing all orders
we obtain a linear system of equations for the CLA
form G“““(aByy'B'a’;w) of the three-body
Green'’s function, namely:

G (aByy' B a's0) = By(aByy' B'a’s)
32 [3uanin ]
X A (it y e w)
= 2 U, [By(apyréno)

w<vp<t

(28)
XG A (uéry'B'a’sw)
+By(aByurtiw) GGy Bla’w)] }
where theB, functions are:
By(apBny'B'a"iw) =Gy(apfyy' B'a"iw) = G Bayy'B'a"\w)
By(aByémpiw) = Gy(aByémp;w) — GfaByéprw)

Bo(aByipiw) = GoaByrépiw) — G aByrpéio)

By(@Brutéiow) = Gy(aByutéiw) — G aBy,uém o) (29)

As a shorthand notation, we underline the electron
indices that correspond toR" factor; for example:

Go(aBy.épit —t) =R (n.&t—t,) SYBTit
—t,) S(apit —ty)

this is similar to a non-interacting three-body prop-
agator, except that th8° has been replaced byRx .

(30)

case, when localized two-hole resonances develop. The second, third and fourth lines of (28) come
This is appealing, since the strong coupling case is from the (a,b), (c,d) and (e,f) diagrams of Fig. 3,
the hard one, while at weak coupling practically respectively; while the first two contributions come
every reasonable approach yields similar results. from the hole—hole interaction the others come from
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Fig. 3. Diagrammatic representation of the contributions of order the CLA (Eq. (28)). The fictitiousx interaction vertex represents a
R™ function.

electron—hole interactions and convey information GSp(a,Gy,y’,B’a’;t)=(—1)<a;ay><a;r,ag'>3(a,a’;t)

on the screening effects due to the electronic cloud (31)
which forms as a response to the deep electron
ionization. where Sa,a';t) stands for the time-ordered dressed
one-body Green’s function that can be expanded
with:
4.3. Single-particle contribution - -
, ’;t:Z—i”fdt f
At the same level of approximation we must e n( ) S
consider the case when one (or both) the holes xet (Thal () Hy(ty) . . Ho(t) a by, (32)

produced by the Auger transitions has the same spin
as the screening electron. Consider the spin—diagonaland summed with the Dyson’s equation [27] in terms
component$S(aBy,y' B'a’;t), (with o, = o, and so of proper self-energy diagrams.

on); when the holgg has the same spin component Using the general rules of perturbation theory [27]
as the electron, then, contractiaé(t) with a (t) and it is possible to show that the self-energy operator is
ag. with a;, in (23) one obtains the extra contribu- proportional to a three-body Green’s function; name-
tion: ly:
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Ho=> ng e, +> > T¥al a_. 35
S@a'io) =S@a'io)~ X 2 U, U, Cw T e (35)
w<v,p' <t p<vp<t
X{[S(@.pi@) G(urry''p"w) with real T;*. Next the interactions are described by
~ Slam) G(urp 't ph0)] Su'a'i0) an Hubbard term:
+[S@r0) Glurp'™ p'30)
~Slapio) Sl ¥l S0} o Ha = U2 0y, 3 N, | (36)
sij So

subtracted of a Hartree—Fock mean field average of

SO we get a conserving approximation for the proper the interaction so that the total hamiltonian reads:

self-energy, using the CLA for the three-body
Green’s functions of Eq. (33). H=Hgy+ Huup— Virr (37)
By solving Dyson’s Eq. (33) one can model XPS
spectra from valence bands with low band filling; and in this way, the Hartree—Fock contribution to the
this is another field of application of our approach. self-energy would be automatically embodied in the
The deep hole attracts a screening electron that bare propagators.
can be directly involved in the Auger decay; this is By considering various possible electron popula-
the physical origin of the contribution (31) to the tions N =20 in the cluster, the mean occupation of
three-body Green’s function. Locally, such processes the Auger site in the non-interacting ground state:
leave the system with one hole in the final state. The
presence of an one-body contribution in the Auger
spectra from transition metals like Ti or Sc has been
pointed out already [16,17]. Besides the three-body
(28) and one-body (31) diagrams, there are mixed Was varied. The test becomes more severe whgn
contributions as well. Physically they represent inter- i reduced towards half filling and/W is increased.
ference terms in which the system evolves from Many different densities of states are obtained from
one-hole states to two-holes-one-electron states andthe matrix elements o6(w); in the context of our
back. However such terms can be neglected [18]; the theory, the density:
final result is:

G(aﬁy,y',B’a’;w) — GCLA(CKIB’}/,’)/,ﬁ/CY/;w)
+ GSp(aB'y,y’,B’a’;w). (34)

(n) = % §<n510‘ + n52(r> (38)

D,p(w) = <¢|a;u a;m as, 0w +H
- E) agn A5, A5, |‘/’> (39)

is of special interest because in the diagrammatic
series the annihilation of the spin-up electron by the
hole of the same spin is particularly strong so we
may expect that the one-body term is important. By
contrast, in the density:

4.4. A model cluster calculations

CLA results have been tested against those of a
model system that can be diagonalised exactly [18].
The model was a five atom cluster, with two levels _ ot
for each atom; the one-body basis elements|sive Danid@) = {lasy sy, s, 6w + H
ywth s=1,...,5 thesite md_ex, = 1i2 the level —E) a;m as,, 85y, ) (40)
index ando = 1,1 for the spin direction; the one-
body energies are denoted ley. The atomsl . . . 4 the same contribution should be smaller and possibly
occupy the vertices of a square, and the Auger atom absent. Although the analytic development can be
is at site 5 above the center. The system’s dynamics somewhat boring, the maximum size of the matrices
is given by an Hubbard-like Hamiltonian composed involved is just 8.
of a one-body Hamiltoniat,, of the same level of Fig. 4 showsD,, for U/W=1 with a population
sophistication as a tight-binding model of a solid, (n)=0.86 and(n)=0.72 on the Auger site. The
with a nearest neighbor hopping term: density is dominated by a single peak at binding
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-

<n>=0.72

Intensity (a.u.)
Intensity (a.u.)

21 18 15 12 9 6 6 3
Binding Energy (eV) Binding Energy (eV)

Fig. 4. Binding energy dependence bf, for U/W=1 and(n) = 0.86 (left frame) andn) = 0.72 (right frame). Heavy line: exact result;
light: CLA; dashed: 1-body contribution to the CLA result; dotted: 3-body contribution to the CLA result. The line shapes have been

convolved with a Lorentzian (FWHMO0.75 eV).

energy =4 eV, but also shows a pair of wings. The stable. The CLA also explains the increase of the
value of U is well outside the scope of weak relative weight of the 3-body contribution with
coupling approaches but fon)=0.72 the CLA reducing band filling.

reproduces the exact results rather well. A shiftg As one could expectD,,,{w) has much more

eV) and an increase of the structure at high binding weight at high binding energieB f}{ar), as one
energy is understandable because the filling is high can see in Fig. 5; in both ffiamed.72 but the

and the screening ineffective. From these first results interaction increasdJffdris0.25 (left frame) to
we see that the performance of the CLA does not U/W=1 (right frame).
break down quickly with increasindgJ as weak- FolU/W=0.25 the agreement is fairly good. For

coupling approaches tend to do, but remains fairly U/W=1 the exact line shape shows three partially

— - —T § T A T g T g T - ’7 T T
U/W=0.25 %\ U/w=1
<n>=0.72 \ <n>=0.72
\\
\
\/
3 El
s s
> 2
Z k7]
2 c
8 2
z E
2 19 16 13 10 7 4 1 22
Binding Energy (eV) Binding Energy (eV)

Fig. 5. Binding energy dependencedf, ;. for (n) =0.72 andU/W=0.25 (left frame) andJ/W=1 (right frame). Heavy line: exact result;
light: CLA; dotted: 3-body contribution to the CLA result. The line shapes have been convolved with a Lorentzian (FQ/F/&V). Note
that for (n) = 0.72 no single-particle contribution exists becalata;,, a,,, [#) = 0.
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resolved broad peaks covering a range=0i0 €V in

binding energy. The CLA misses the main peak
position by =1 €V and underevaluates the low
binding energy shoulder; however, we can still claim

27

treat the screening electron and the Auger holes on

equal footing.

Further applications of CLA are possible: first the

Coster—Kroig'vV decay followed by Auger

at least a qualitative agreement with the results of the C'VV transition that leaves three holes in the valence

exact calculation in such severe conditions.

In all cases we verify that the Herglotz property is
fully preserved; this is a most valuable feature which
is not easily obtained for approximate three-body
propagators. For instance, the approach of Ref. [17]
fails in this respect at strong coupling.

Comparing the two frames of Fig. 5 we observe
the apparent negativgd- behavior: increasing the
interaction U, the main peak shifts towartisver
binding energies; this is a consequence of the
interaction of the screening electron with the two
Auger holes. We remark that a high enough is
necessary to build up a localized screening cloud.
This is why the negativé} behavior is observed in
the early transition metals, but not in the late ones.

5. Conclusions

We have proposed a model where tHg <0’
behavior of the Auger and APECS line shapes of
early transition metals is described by a three-body
Green'’s function dynamics. The solution of the two-
holes-one-electron perturbation series is a formidable
problem that we solve proposing the core-ladder-
approximation: a new approach based on physical
approximations and results valid for the two-holes
case. The CLA is the first step of a procedure which
eventually leads to the exact summation of the 3-
body ladder series. Like perturbation theory and
other approaches to the many-body problem, it
allows systematic improvements at the cost of more
computation.

Physically CLA is well motivated and well bal-

bands; CLA provides a method to calculate the final
state dynamics. Moreover the sum of the perturba-
tion series of the three-body Green’s function can be
used to construct a self-energy operator that can
works outside the low-density regime of the usual

T-matrix approach.
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