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Deep-hole interferences in photon-induced Auger emission from solids
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A complete formalism for the description of photon-induced Auger emission is set up, which includes
explicitly the process of creation of the deep hole. It is shown that the phase coherence between the holes
may induce contributions to the Auger current due to interferences between Auger processes involving the
different degenerate deep hole states. It is shown that one must distinguish two types of interferences: intra-
atomic ones, between degenerate hole states on the same atomic site, which are practically not affected by
lifetime effects; extra-atomic ones, which only occur if at least one of the intermediate states of the Auger
process belongs to a wide band. Their space range is limited, by lifetime and mean-free-path effects, to a
few atomic distances in light materials. Differences between photon- and electron-induced Auger emission
and possible experimental checks of interfereno! effects are discussed qualitatively.

I. INTRODUCTION

Until recently, the Auger emission of solids
has been used mostly as a tool for chemical analy-
sis of surface compositions. The new experi-
mental developments n.ow permit not only identifi-
cation of Auger lines and measurement of the cor-
responding total current but also analysis of
the energy distribution of the Auger current (EDC)
and its angular distribution. .

One can hope therefore to use the Auger effect
to obtain. information about the electronic pro-
perties of solids in the surface region —in par-
ticular by studying Auger transitions involving
at least one valence electron. . In order to perform
this program, one of course needs a theory as
complete and systematic as possible, which should
be, in particul. ar, able to include, if necessary,
many-body effects.

Up to now, Auger EDC's are always calculated'
with the implicit assumption that the Auger process
is independent of the deep-hole creation process:
it is stated that the total emission probability is
the Product of the hole creation probability and
the Auger probability itself. This enta, ils that,
in this model, the line shape and the angular dis-
tribution of the current are independent of the hole-
creation. process.

However, it is by no means obvious that such
a, decoupling is always justified. It is clear, for
example, that when many-body effects are present,
they can provide a coupling between the two
"steps. " This ha.s been shown explicitly in the
case of threshold singularities in x-ray exci-
sion' and in the x- ray resonant Raman scatter ing
of metals' (which both involve, as does the Auger
effect, a deep-hole creation followed by an emis-
sion process).

On the other hand, even if many-body effects

are neglected, one should still take into account
the physical fact that deep holes are excited co-
herently by the incident electron or photon field.
This phase coherence must give rise to inter-
ference effects, which do not appear in the usual
theory, since it excludes any correlation between
hole creation and emission process.

In this article, we concentrate on the study of
these interference effects in. the simplest possible
model, where many-body effects are a,ssumed
phenomenologically to give rise only to finite
lifetimes for the various levels involved. More-
over, we only study in detail the case where the
deep hole is created by absorption of x-ray photons
(creation by electron bombardment is discussed
only qualitatively in Sec. V).

In Sec. II, we derive the general forma. l ex-
pression of the energy and angular distribution of
the Auger current and show explicitly, in the
independent- electron approximation, how inter-
ference effects between deep-hole states appear.
In Sec. III, completely neglecting many-body ef-
fects, we classify interferences into intra- and
extra-atomic ones, and discuss in detail some
simple examples. In Sec. IV, we include lifetimes
and study their effect on the two types of inter-
ferences. Finally, we discuss briefly in Sec. V the
difference between electron- and photon- induced
Auger effect, and the possible experimental checks
of the importance of interferences.

II. GENERAL EXPRESSION OF THE AUGER CURRENT

Let us consider a semi-infinite solid at zero
temperature, in the presence of a monochromatic
electromagnetic field of frequency 0, described
by the vector potential

A(r, t)= a(r) cosQt,
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which decays inside the solid on a penetration
depth 5 along the direction x normal to the solid
surface (x= 0).

As discussed in Refs. (4 and 5),the total dc elec-
tron current emitted at infinity in the vacuum
(x-+ ~) along the direction of observation 8 and
in the energy range (v, &a+du) is (for the two spin
directions) j(R, a&) d&o, where

+g
+

R
~~~~~ Q

7l Sl R&~ R

where R=RR and R the unit vector pointing out
of the solid along the direction of observation,

(2)
FIG. 2. Two lowest-order diagrams describing the

photon-induced Auger current. Wavy lines stand for the
electromagnetic field, full lines for electron propaga-
tors, and dotted ones represent Coulomb interactions.
(a) Direct current j„. (b) Exchange current je„.

9„'"'-(R,R )

d& d&' &"' (Rt; R'f')e'"" "
9 ' "+ is the term of second order in A in the elec-
tron- occupation propagator of the .complete
(solid- electromagnetic- field) system.

8' (Rt; R'f') =i(g~(R'f')g(Rt)), (4)
g~ and g being the electron creation and destruction
operators.

Expression (2) gives the angular and energy
distribution (AEDC) of the total photoemission
current; that is, it contains the contributions of
all possible processes induced by photon absorp-
tion and giving rise to subsequent electron emis-
sion.

Among these, we want to select here what con-
stitutes the Auger current, namely, processes
in which, due to Coulomb interaction, the deep
hole (h) created by optical absorption is filled by
an electron from a higher-energy state (P), the
excess energy thus released being used to excite
another electron from afilled state~(n) to an empty
one P& of energy v (Fig. 1). Energy conservation
imposes

that is, given three electronic levels &„, &~, and
e„of the solid, & is completely defined, indepen-

FIG. 1. Schematic energy
representation of photon-
induced Auger emission.
A deep hole of energy e„ is
created by optical absorp-.
tion of a photon Q. The
hole is fBled by an electron
from a higher state of en-
ergy ~&, the excess energy
thus released is used to ex-
cite the Auger electron
from energy ~„ to ~.

dently of the frequency 0 of the photons which have
been used to populate the given hole level &„. So,
the easiest w3y to separate out from the total j
the Auger contribution j» is to identify j„with
that part of the EDC which position in energy does
not move when 0 is changed (while the proper
photoemission EDC follows the variations of 0).
This is how we define formally the Auger current.

The quantity 9"' of Eq. (2) must be calculated
up to second order in A, and, in. princ-iple, to all
orders inthe Coulomb interaction V. This is
easily formulated systematicax. ly with the help of
Kjeldysh's perturbation theory for out- of-equli-
biium many-body systems. ' Using the corres-
ponding diagrammatic expansion, it is easily
checked that the contributions to j„of lowest
order in V are of order V'. They correspond to
the two diagrams of Fig. 2.

Figure 2(a) describes the direct Coulomb pro-
cess, 2(b) the exchange one. Each solid line rep-
resents an element [determined by the values of
the (+) indices] of the Kjeldysh one-electron matrix
propagator' G of the noninteracting system in the
absence of the electromagnetic field.

It is important to note that the choice of Kjeldysh
(i) indices appearing in both diagrams is unique:
the + and —indices at vertex 8 are imposed by ex-
pression (2) of the current. On the other hand,
only electrons of energy u larger than the vacuum
energy —and henceforth larger than the Fermi en-
ergy p, of the solid —give a non-zero contribution
to the current at infinity i:n the vacuum. This
imposes, at zero temperature, that the electron-
occupation propagator 9'„=0, so that the indices
at vertices 1 (and 1') and 2 (and 2') must be,
respectively (+) and (—). This in turn entails u,
and &o, & p (otherwise 9„', „=0), and ~' = ar, + ~,

The same kind of argument fixes the re-
maining indices.

Finally, to lowest order in the Coulomb inter-
action, the angular and energy distribution of
the Auger current reads (after summation on all
internal spin indices)
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j „(R,(u) =j ~(R, ~) +j,„(R, &u) .

The direct term j~ is given by

x d1 ~ ~ d4d&u, d&u, d~' G"„(R,1)

x G'„(2,R') ImG„",(1,2)V(1 —1')V(2 —2')

x ImG„"]I', 2')G„", (2', 4)(a ~ V),lmG„'", (4, 3)(a ~ &),G'„, (3, 1.')

x6(a&+ &u' —~, —e,) 8 (v —E)8 (p —&„)8 (p —&,),

and the exchange term j,„(R,v) is obtained from
expression (7) ofj ~ by multiplying it by a factor
of (--,) and changing ImG"„(1,2)ImG"„(1',2') into
ImG„" (1,2')ImG„" (2, 1'). G" and G' are 'the stand-
ard' retarded and advanced one-electron propaga-
tors of the noninteracting field-free system.

Before transforming (7) into a more explicit
form, two remarks should be made:

(a) There are of course other contributions of
order V' to the total current (2), but these do not
belong to the Auger current. They do not describe
a physical Auger process, except for the one
depicted on Fig. 3. This diagram describes, in

the presence of the Auger process of Fig. 1, the
contribution to the current due to the "primary"
electron excited up to state s by the photon, that
it, in the usual terminology, a proper photo-
emission contribution.

(b) Obviously, it may be necessary to study cor-
rections to j„oforder higher than V', e.g. , if one
wants to describe inelastic satellites of Auger
lines. These are obtained formally by renormaliz-
ing the two diagrams of Fig. 2 in all possible ways.
Note, however, that some of the terms thus ob-
tained are ambiguous from the point of view of our
definition of the Auger current: they are found

among diagrams in which the "primary" line +'
+0 is connected by Coulomb interactions to the
Auger electron lines &. They correspond to terms

in which, after the Auger process has taken place,
the Auger electron in state Q& (Fig. 1) and the
primary one (state s) interact inelastically. How-

ever, these terms are very weak, due to the very
small probability of such an interaction between
two fast electrons with uncorrelated velocity
directions.

I et us now come back to rewriting Eci. (7) in
terms of one- electron wave functions. Following
Feibelman and Eastman, ' we can write, for R at
infinity in the vacuum.

where k„= [2m(e —E)jh'] ' ', and Q& (1) is the wave
function describing an electron of energy u in-
coming from the vacuum onto the solid in direction
-R (i.e. , with wave vector -k R), which is partly
reflected back into the vacuum and partly trans-
mitted into the solid.

Moreover, the other G" and G' appearing in Eq.
(7) can be developed as

Gt'(r ) [Ga ( )]g g V g (r)9 g(r )
(9)

n
~- &e+~~

with @=0+, and the p„'s the wave functions of the
one-electron eigen-states ~n) of the semi-infinite
solid plus vacuum system, of energies E„.

The direct and exchange parts of j„can be
written

&&%%%

4l+ 4)a Qt 412

FIG. 3. Photoemission current in the presence of the
Auger process of Fig. 1.

FIG. 4. Diagrammatic
representation of j~ ~ .
The population of the deep-
hole level gine co') is the
one created by optical ab-
sorption.
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j,(,u& =E (np lvlhp» (h l a & l s& &e I a &
1
h') ( $& h'

I V I pn)
(e, —0 —t „—if) (t,—0 —t„,+ i7/)

h, he

x 5(6„+E& —(0 —t + Q)8(Qp-E)8(p, —E„)8(p—s&),

i.,(E, ~) =- —ZK r (np l V l hp»&h la 'W ls)&s la"7 Jh'&& p&h' I Vlnp)
(e —0 —et —'l'g)(s~ —0- ttg+ i1j)

x 5(e„+ tp —(d —E + Q)8((0 —E)8(p —e„)8(p —tp),
where n, P, s, h, h' run on all possible electron states, the Coulomb matrix elements are defined by

(np I
V Ihp» = dr dr'y„*(r)yg(r') V(r r')p—„(r')p&(r)

and

em Se k~

(10)

(12)

(13)

We must now compare our expression af j„with the one which is most ordinarily used to interpret ex-
periments: the usual theory' whould correspond to the diagram of Fig. 4, in which the population of the
deep-hole levei (line &o ) would be the one created by optical absorption. Namely, it is written as the pro-
duct of the optical-transition probability per unit time and the lifetime of the deep hole. This, in our pre-
sent lowest-order calculation, is simply q -~ (lifetime effects will be discussed in Sec. IV). This gives,
for the direct current,

.( ) - vK

tip pt S~ II
I &np I

v Ihe»&h Ia & Is& I'5(~. +f1- t. )

x 5(t„+t~ —tt —cu)6((d-. E)6(p —t„) 8(p, —tp) . (14)

It is seen that the main difference between expressions (14) and (10) is the following: for given n, p, s,
the exact expression (10) involves the square of the sum on deep-hole h states of the probability amP/itude
(np I

V
I hp&) (h

I
a ~ v' s& of the full process shown in Fig. 1, while jp"' only contains an incoherent sum of

probability intensities. Formally, this derives from the fact that the exact diagram (2a) contains two deep-
hole &u lines, whilethe approximate'one (Fig. 4) only haS one. As was pointed out in Sec. I, the exact ex-
pression takes into account the fact that the deep holes are excited coherently by the photon field, and that
the intermediate electron (state p) fills the state made of a coherent superposition of holes thus created.
So, the Auger current is itself built up by addition of coherent electron waves emitted in state p& from the
various h hole states. This gives rise to the interference contributions h eh to the exact current (10),
which are neglected in j""".

From now on, we will only consider, for simplicity, the Auger processes involving narrow (i.e. , deep)
hole levels. First of all, it is easily seen by studying the energy denominator of expression (10) that the
ratio of the contribution of interference terms between hole states with e„,4&„ to that of states z„,= &„ is
of order g/(t „,—t, ) -0. Therefore, only interferences between degenerate deep-hole states have to be
considered here. The exact Auger current then appears as the sum of the contributions. of the various
deep-hole energy levels. The direct current due to processes involving the hole level &„ reads

~, (z, , t„)= p p & pjvjhy, &&hj .Oj )I'5(e, f1 t„)
tf, P, S ~ If

x 5(t„+t, —~ —~„)6(~-E)6(~ e„)6(p a, ), (15)

where the restricted sum Q„only runs on the degenerate states of energy t„. It is seen in Eq. (15) that
the diagonal (h = h) terms reproduce identically the. usual approximate expression (14), which will there-

- fore be correct only when interference terms can be proved to be negligible.
Finally, the same conclusions hold for the exchange current,

I

i..(E, ~, ~t ) = 'Z -Z—&nP I
V

I h4» & &h I a & Is& &e I a v' Ih'& &4» h'I V Inp& 5(~. —Il - ~t)
2R n, p, s

x 5(C„+ 6& (d —t„)6(&d —E)8(p, —t„)8(p,—t&) .
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Before considering interference effects in more
detail, let us make one final remark about cor-
rections to j~ of order higher than V'. coming
back to the exact diagrams of Fig. 2, it is seen
that there exist renormalization terms in which
the two deep-hole ~' lines are connected by inter-
action lines. These terms cannot appear in the
renormalization of the approximate diagram (Fig.
4), where one can only renormalize separately
the optical- and the Auger-transition probabilities.
So, even if expression (10) happens to be exact to
order V' (i.e. , in cases with zero interferences),
it may not remain correct to higher orders in V.
Note that the terms which couple the two deep lines
(at the same energy &') are in general non-neglig-
ible with respect to the separate renormalizations
of the two lines. '

III. INTERFERENCES IN THE INFINITE-LIFETIME LIMIT

In this section we classify and study qualitatively
in some simple examples the interference terms
which appear in the Auger current, to lowest order
in the Coulomb interaction. Since we have as-
sumed the deep holes to be localized in space, the
restricted sums g„ in Eqs. (15) and (16) only
involve hole states with the same energy Eh. The
corresponding degeneracy can be of two types:

(i) ~h) and ~h') correspond to two atomic orbitals
localized on two different atomic sites. The cor-
responding term will be called "extra-atomic
in.terfer ence. "

(ii) ~h) and ~h') are two different atomic orbitals
on the same atomic site. The corresponding term
we call "intra-atomic interference. " This de-
generacy corresponds, for example, in simple
cases, to various orbital angular momentum orien-
tations. (Note that when spin-orbit coupling is
negligible, the spin degeneracy does not induce
interferences, due to the fact that the Coulomb
interaction is spin independent. )

In order to illustrate the effect of the two kinds
of degeneracy, we will now consider in more detail
two particularly simple examples:

A. Narrow Auger line

This is the case where the three levels n, P, h

are infinitely narrow, i.e. , where states n, p, h
are completely localized atomic states. The as-
sociated wave functions, e.g. , y~(r —R~), will be
denoted by ~P„). (That is, from now on, n, P, h

will label the various atomic orbitals, and sub-. .

scripts X, p, . . . the atomic sites. ) We will call
(c„,&„,e~) the corresponding line. In this case,
the physical information is contained in the angu-
lar distribution of j„at the line energy ~ = e„
+ Cp —Ch.

Since we neglect the overlap of p„, y~, ph on
different sites, the Coulomb matrix element
(n„p„~ V ~h, Q&) is nonzero only when states y~
and ph are centered on the same site, i.e. , when

(n „p„~V
~
h~ Q& )= 5~ dr dr' y„*(r—5„)

x yp(r' -R,)V(r r')—

x P„(r' —R„)p&(r). (17)

The relevant Coulomb interaction is the Coulomb
potential screened by the dielectric constant at
the frequency (a~ —e„) of the Auger transition. In
general this is much larger than the plasma fre-
quency, so that the screening is quite poor, and
the range of V is much larger than the atomic
distance. Therefore, in Eq. (17), r may run on
several atomic cells around R„. The effect of
contributions A. e p, to the Coulomb matrix element
(17) has been studied in detail by Citrin et al. ' We
will call them inte~site contributions. Note that, if
both ~h) and

~
P) have zero angular momentum,

these intersite contributions are zero (or, more
exactly, exponentially small) as a result of Gauss's
theorem (since the spherically symmetric elec-
tronic distribution @~ ah corresponds to a zero
total electric charge).

(a) Direct current From Eqs. . (15) and (17),
we get

h, h', X, p
+ (P„&„~V ~t'„y, )(y, )'„(V (u„P„))
x(I„(a V(s)(a (a ~(I,), (18)

I
where the sum g is restricted to states with
fixed E'„, Ep, 6 h, and 6 = ch + Q.

Therefore, j„contains no extra-atomic inter-
ferences: this results from the localization of the
(common) intermediate state p„or n~, which can-
not interact in the same process with two holes on

different sites. So, the only possible interferences
are those associated with an atomic degeneracy
of the hole level. We will illustrate them on the
example of orbital degeneracy, which implies
Lh w0. Let us specialize to the simplest case:
L„=1, L„=L~=O.

~ Q&) and ~s) will be approxi-
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a'+ 2 (a'„q„'+a', q', + a', q',), (22)

i.e. , it is not invariant under a rotation of the co-
ordinate frame. This is obviously unphysical
since, in the present model, the Auger processes
occur independently on atoms without any preferred
direction but a.

It is interesting, at this stage, to compare the
above results with the direct intrasite current ob-
tained in the case L„=L„=0, L~ = 1, where the
charge fluctuation (hp) has the same angular mo-
mentum (L = 1), but which is interference-free
since the hole state is nondegenerate. This is
easily found to be spherical (~a').

So, it appears that the angular distribution is
strongly affected by intra- atomic interferences,
which modify its amplitude and even its symmetry.

(ii) Intersite contribution (R„4 R„). Case L„=1,
L„=L~ = 0. Since the charge fluctuation p~ p„has
a dipolar character (with associated dipole
strength v„), the Coulomb matrix elements is the
interaction energy between this dipole and the
charge distribution y„Q& localized around site p.
So, its main term is the dipole-dipole interaction
energy between v, and the dipole v'„of y„*Q&. We
then obtain

g(n, p„) VIm p )(m )a ~ V~s)
m

r i (I H) +q R~)
R'

x (s ~ a)[s ~ q 3(q R~„)(s 8,„)], (23)

with R„„=R„—R„.

mated by plane waves with respective wave vec-
tors q and s.

(i) Intrasite contribution (R„=R, ). The h states
correspond to the three values m =0, +1, of L„"'.
The matrix elements have the form

&"~p~ I VI m„e&)=CV,*„(q)e""&, (19)

(m„~ a ~ v
~
s) = O' F,„(s)(s ~ a)e"' "~, (20)

where q and s are the unit vectors along directions
q and s. The constants C and C' depend only on the
energies of the five relevant levels (Fig. 1), but
not on the direction of s, which is to be integrated
on. The q direction is the refracted associate of
the direction of observation k = -k„R.

Finally, the intrasite term in j~ has the form

j~'""'(R,&o, (&„,e„,e~)) ~a'+2(a q)', (21)

that is, it exhibits a conical symmetry around the
direction of a inside the solid, the distribution in
the vacuum being the refracted associate of (21).

For comparison, one can calculate the intrasite
term which would resuit if interferences (m' Wm)

were neglected. It has the angular distribution so that the overlap restriction (17) imposes v= X,

p = A.', and two cases are possible.
(1) No (or negligible) intersite interaction: A. = p,

= X', and there are only intra-atomic interfer-
ences. For example, if L~ =1, L„=L~=0, one
finds for j,„ the same angular distribution as forj„""""[Eq. (21)]. Again, if interferences would
be neglected, one would find the unphysical result
(22).

(2) There is a non-negligible intersite matrix
element: the terms X W X' are now nonzero, and
correspond to extra- atomic interferences induced
by the intersite interaction. The corresponding
distribution, for L„=1, L„=L~=O is a complicated
function of a, , q, and R».. For sR», »1 (where
tf s'/2m= e„+0), the contribution of the pair of
sites (X, V) reduces to

6 jg g» (».
( g )2( It )sR„„ (26)

B. n and p belong to a wide band: {atomic V-V line)

For simplicity, since we are mainly interested
here in the effect of delocalization of the inter-
mediate states, we will assume that the atomic
orbital

~
h) is nondegenerate and we are left with

only the site degeneracy of the hole state (this
describes for example the case of a KVV line).

We now denote states ~n) and
~
p) by their re-

duced wave vectors k and K and, a.s is most usually
done, approximate them by the Bloch wave func-
tions of the infinite solid: y„(r) =up(r)e'' '". The
Coulomb matrix elements appearing in the direct
current are

After integration on the direction s of the pri-
mary electron, we thus get, for the contribution
of the first nearest neighbors in a cubic lattice
of lattice distance b, with cubic axes along x, y, z,
the angular distribution

~b '[a'+3(a„'q2 + a2q2+ a2q', ) —(a ~ q)'] . (24)

This expression is not invariant under a rotation
of the reference frame, since we are dealing with
two-site processes and have chosen the reference
frame to be tied to the physical lattice. Of course,
as expected, j~'""' has the (cubic) symmetryofthe
lattice. Note again, for comparison, that in the
reverse case (L„=L„=0, L~ = 1), the analogous
nearest-neighbor term can be shown to have a
spher ical distribution.

(b) Exchange current. ft is given by Eq. (16).
The relevant Coulomb matrix elements are
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&~p Ivjkgf)&(4') k ~ Ivj&&
-=&Kk

I vjk. »& &&) k' I
vIkK& (26)

Since
I
k) is an extended state, it has overlaps

of the same amplitude with the localized states
Ik„) and jk„,), thus giving rise to extra-atomic
interferences. Making use of the periodicity of
u)-, (r), one finds

j,(R, ~, (e„VV))

IM(q, k, K)C(s) I' e"~'

%KS

Note that M can be separated into intra- and
intersite parts: p in Eq. (29) is limited to one
atomic cell, while the range p' is only limited by
the range of V.

Assuming M and C to be quasiconstant, we see
that, if we neglect interferences (i.e. , only keep
terms R». =0) jd reduces to

j~""'(R,&u, (&„VV)) = IMC I'Np (&~+0)

X gQ) p ~ +1 V 1

x 5(c,—0 —c„)5(e),+ e.„-(d) —-e„),
x py (30)

where

C(s) =J dpe: "')'a ~ &y„(p),

ee(q, re, K) fdpdp'e=' ' "e„(p')
Pt

"V(p p')e -'"'~- (p)V,(P) .
e

(27)

(23)

where N is the number of atoms in the solid, and

p, and pv are, respectively, the density of pri-
mary and valence states. As expected, we find the
well-known result of the approximate theory, ' i.e. ,
a line shape proportional to the autoconvolution of
p„. Moreover, within the approximation IMI =est,
the corresponding angular distribution is spherical
inside the solid (i.e. , conical around the normal
to the surface in the vacuum).

On the other hand, the exact expression can be re-
written

j()),te, (e )ee'))=
I
eec

l g e'e'". "&(e„+c )(„.) dte e(, '. +le, . i„„de "'"-~„)(„),
n

I

(31)

where

(32)

rdr' A(r, r', u&) = P 5(~ —z-)e'"'"»'
I P(k) I'

(A)„, (33)

X„(cu, R„.) =Q 5((u —e„-)e '"'"&)('

and a similar expression for X, .
The quantities A, (R», ) and Xv(R», ) can be in-

terpreted qualitatively as "cell-averaged spectral
densities" of the primary and valence states. In-
deed, calling X(r, r', &u) the exact spectral den-
sities, we find

averaged spectral density A„(&u, R», ). However,
the term related to the optical transition,
2, (e„+0, R», ) does not factor out of the R„„, sum,
so that the line shape depends on. the photon fre-
quency. Moreover, the angular distribution ex-
plicitly depends on. q, and its symmetries are, in-
side the solid, those of the crystal lattice.

One may wonder whether, as is sometimes
stated, ' the approximate expression (30) becomes
exact when the pr imary energy e, = c„+0 is very
large compared with the valence-band energies and

with ~. In order to make that point clear, let us
consider the R», dependence of the A. 's. Assuming
primary states to be plane waves, one has

with
)

sR),)„
(34)

P(k) = .„, a dr y„-(r),

and, in our approximation of quasiconstant matrix
elementsA(R», ) issimplyproportional to (A)». .

So, j„is the sum of contributions of all site
pairs (X, A.'), each interference term (X' v X) being
proportional to the autoconvolution of the cell-

with 5's' j2m = &, . Anisotropic band effects make

Xr(&a, R», ) more complicated, but it always be-
haves roughly, at large distances (R».» [k,(&o)] ',
where k, ((o) is a characteristic radius of the con-
stant- energy surface S„), as (kQ», )

' osc(kQ», ),
'

So, the lattice sum of Eq. (31) does converge. If
s is much larger than q and all the k, 's appearing
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in the A.~'s, A, oscillates with R», much faster
than the valence band factor and than exp(iq. R„„,).
If the R~„,'s would be continuously distributed in
space, this would entail that the only nonzero con-
tribution to j~ would be the R», = 0 one, and j~' '

would become exact. However, the R»'s cor-
responding to near neighbors have a finite spacing
of the order of the lattice distance b» s ', so that
the contributions of near-neighbor interferences
do not average out (this oniy occurs for terms with
8»,/b» sb), and interference effects in j~ do not
wash out. The same analysis can be made on the
exchange current, obviously yielding the same
qualitative results.

IV. LIFETIME EFFECTS

The question now arises of estimating the im-
portance of interferences in real solids, where
interactions give rise to finite lifetimes and mean-
free paths for all the states involved in the Auger
emission process. Finite lifetimes result in un-
certainties on phases, which certainly affect the
phase coherence responsible for interference ef-
fects.

Of course, as was mentioned in gec. II, - inter-
actions also give rise to a variety of other effects
(inelastic Auger current, scattering between Auger
and primary electrons, indirect transitions, cor-
relations of higher orders. . . ) which must, in
principle, also be taken into account in order for
conservation laws to be satisfied. However, in
the present article, we will neglect them and only
take into account interactions by introducing-pheno-
menologically finite lifetimes for all the states in-
volved in the process —i.e. , we keep to separate
renormalizations of the various lines of the bare
Auger diagrams (Fig 2).

For the sake of clarity, we first examine sep-
arately the effect of the finite lifetime of each
level.

A. Lifetime of the Auger electron

The wave function P& describing the Auger elec-
tron is still built by starting fro~ an incident plane

l

wave of wave vector -k„R on the vacuum side.
Since Q& must be continuous along the surface
plane, the parallel component q„of its wave vec-
tor q inside the solid is still real: Its transverse
component is given by

(I '/2m)q', = u+ i I"„—(5'/2m)q, ', , (35)

q,'"= (2m/8')' '(I'„/2&v' 'cosg), (36)

where 8 is the angle between q and the normal to
the surface Th. at is, Q& has a constant extinction
coefficient (2m/5')'~'(I'„/2v'~') along its direc
tion of propagation.

%hen included in the calculation of the Coulomb
matrix element, this extinction effect results, for
the contribution of a pair of sites (X, X') to the
Auger current, in a factor exp[-q,"'(R„,+R„„)],
where R~, is the distance from site X to the sur-
face.

This means that the effective region of emission
of the (elastic) Auger current is a layer along the
surface of thickness l„cos8,"where the mean
free path I„=(8'/2m)'~'(2(o'~'/I'„). So, for terms
corresponding to extra-atomic interferences, both
sites X and X' are limited to this extraction depth
but the extinction effect does not limit the dis-
tance R», „between them in the direction parallel
to the surface. That is, the two waves emitted
from R„and R)„, are separately attenuated along
their "optical path, " but a finite I'„does not affect
their relative phases.

B. Deep-hole lifetime

Introducing a finite deep-hole linewidth I' simply
amounts to changing, in Eqs. (10) and (11), g into
I". Assuming that 1 is the same for all deep-hole
states, one gets for the direct current:

where T = 5 I is the lifetime of an electron at
energy ~. So, q, has an imaginary part q, , which
corresponds to an attenuation of the wave Q& in
the transverse direction:

j (R, m, q„)= g (np ~V(@4 )(b )
a, ~ V )s)(s (a ~ V@ )I'

hh'

x Q(t + fp M —E + 0) g(&d —E) g(p —6„)g (p gp ) (37)

and a similar expression for j„.
Equation (37) shows that the presence of a finite I' has three main physical consequences:
(i) As expected, it makes the Auger current finite (the effective hole population is that due to optical

transitions during the lifetime &= 5/I').



ABRAHAM-IBRAHIM, CAROLI, CARO LI, AND

ROULEAU

18

(ii) Consider two nondegenerate hole states of energies e», c».. The ratio of the contribution of inter
ferences between these two states to that of states e». = e» is of order F/(e». —»»). So, now interferences
are no longer limited to strictly degenerate hole states, but only to quasidegenerate states with an energy
separation smaller than the sum of their widths.

(iii) The last, and most interesting effect, is the limitation of the space range of extra-atomic inter-
ferences. In order to illustrate this effect, let us come back to the second example of Sec. III, where states
~n) and

~
P) both belong to the same wide band. Expression (31) becomes

e II' R»» t

j (R, ~, (z» VV)) = ~MC ~' g e'~'"»» g
(d+ g —0 co+ g —0

1~ R»»' v . I. ~ »»'

Integration on s (with & = 0's'/2m) immediately gives

(38}

~„(R,&o, (e» VV)) =
~
MC

~

' p e'~'"»»' 8,(e» + Q, R», )
lie

A+ gp (d+ &IX d(Oy S~ + (Oy, Rile 6~ —
J ) Rile ~ (39}

The average spectral densities 6 are now defined by

(QP —6- + I
»

(40)

8, (e»+ Q, R„,,) = p, (c»+ Q)

sin(s~, „,)
soR»u

(41)

(42)

It is seen that 8, decreases exponentially with
increasing 8», , with a characteristic range s, .
It is easy to show that, whatever the details of
the valence-band shape, 8v(&u, R„„.) has a similar
behavior at large distances, with a characteristic
range of order hv, (&u)/F, where V~(&u) is some
average group velocity of an electron of energy &.

Therefore, each of the three "spectral densities"
8 of expression (39) introduies a cutoff for the
space range of extra-atomic interferences, so
that their effective range is determined by the
smallest of these three distances.

This cutoff effect can be easily interpreted: the
various deep-hole-"sources" have a finite co-
herence time 7 =k/F. In order for interferences
to be possible, it is necessary that the times of
propagation of states

~
s), ~k), ~K) between R„

and R„,be smaller than 7, i.e. ,
/

f„„,=R„„,/v &5/F or R„„,& hv /I'.

with p, (e„+Q) =mso/2w')I, and so and s, are given,
for I «g„+0, by

2m(c» + Q)
0 g2

This interpretation shows that the relative am-
plitude of intra-atomic interference terms with
respect to noninterference ones is not affected
by the deep-hole lifetime [which can easily be
checked, e.g. , by Eq. (18)]. Indeed, the phase
coherence between two holes states localized on
the same site remains perfect. It is only the
total intra-atomic intensity, line shape, and angu-
lar distribution which are modified.

C. Lifetimes of primary and intermediate states

Introducing a finite lifetime I', „& for one of
these states simply amounts to writing for the cor-
responding ImG" of Eq. (7) the exact broadened
spectral density. This results, for the case of an
atomic- V- V-line, in the replacement in Eq. (31)
of the corresponding A by the proper broadened
quantity:

~\

p ((g R ) ~ 8 el» a»»»~

w

P (~ R„„,) =g
(co —& p + I

&k

So, as was discussed above, each of these I"s
introduces a cutoff for the space range of extra-
atomic interferences:

(43)

lq ——Kv~ /Fq (i =s, k, K). (44)

These cutoffs are therefore determined by the
phase blurring of each of the three states itself.

Obviously, in practice, all the above effects
combine to fix the effective interference range.
So, it can be concluded that (i) The extraction depth
of the Auger current is determined by the mean



18 DEEP-HOI K INTERI'KRKNCES IN PHOTON-INDUCED AUGER. . . 67ll

free path l„of the outgoing Auger electron. ' (ii)
The relative strength of intra-atomic interferences
is not affected by lifetime effects so that, if the
atomic deep-hole state is (quasi-) degenerate, they
shouid always be taken into account. (iii) The
range of extra-atomic interferences is limited to
the smallest of the lengths I, and I f (i =s,n, p),
where the l, 's are the mean free paths of the pri-
mary and intermediate states, while the l,' s
(I,'=Iv'."/I') are the distances on which they prop-
agate during the lifetime & of the deep hole.

In general, the smallest of these lengths are
I„' and I~ (except if the primary electrons are in
the far-uv range where l, becomes smaller than
the atomic distance). Taking as an order of mag-
nitude e„—ED- 7 eV, b = 3A (where E0 is the bottom
of the valence band), we find that l„' & b for I'6

&

eV. This means that extra- atomic interferences
are important mostly for not too deep hole states
and/or relatively light materials. In any case,
only the first-nearest neighbors (up to second or
third) can contribute in practice, their effect being
of course Larger for more closely packed lattices.

V. CONCLUSION

So, it appears that, in photon-induced Auger
emission, deep-hole interferences cannot in gen-
eral be neglected:

(i) If the atomic hole state is (quasi-) degenerate,
there always are intratomic interferences, which
have a considerable effect, in particular on the
symmetries of angular distributions. They must
be taken into account in the numerical calculations
used to analyze experimental results.

(ii) For lines corresponding to propagating in-
termediate states (atomic- V—V or atomic-atomic-
V lines), there also are extra-atomic interferences
between neighboring atomic sites, provided that the
deep-hole level has not too short a lifetime (typ-
ically, I'& 1 eV). This effect, when present,
should be able to give information on the near en-
vironment of a given atomic site.

The first problem is of course to check experi-
mentally the importance of extra-atomic inter-
ferences. This might be done (apart from includ-
ing them in numerical calculations of line shapes)
by observing the changes of line shapes and
angular distributions (AEDC) when the frequency 0
of the incident photon is varied. Indeed, if extra-
atomic interferences are absent (due, e.g. , to a
very large I'), the EDC and AEDC depend on 0
only via the optical matrix element, which is in

general slowly varying in the x-ray range. On the
contrary, if extra-atomic interferences are of
importance, the EDC and AEDC should change
rapidly with 0, due to rapid oscillatidn of the
primary average spectral. density 8,. On the other
hand, if 0 is such that the primary electrons lie
in the far-uv range, their mean. free path is so
small that it should completely kill extra-atomic
effects. Such an experimental situation could thus
allow for comparison between. a given Auger line
with and without extra-atomic effects.

Let us now discuss briefly interferences in the
case of electron-induced Auger emission. This
case can of course be described within the formal-
ism which we have used for photons. The main
physical difference is the following: the absorption
of monochromatic photons by an electron in a
narrow deep state results in primary electrons of
well-defined energy E, = z„+O. The scattering of
monocinetic electrons of energy 0 by an electron in
the same deep state gives rise to pairs of elec-
trons of wave vectors s„s„ofwhich only the total
energy II'+ &12 Ep+ 0 is fixed. The phase factor
in the Auger current associated with each Coulomb
scattering process giving rise to deep-hole crea-
tion is exp[i(s, + s,) ~ R», ] [which replaces the
optical phase factor exp(is ~ R», )]. One must sum
the contributions of all energy-conserving (s„s,)
processes. As is known for example from elec-
tron energy-loss experiments, for c„+0 in the
keV range, e,,and E, are spread on a width &

& 100 eV. This considerable "line width" results
in a mashing out of the Auger phase coherence on
a distance smaller than the atomic length, and
therefore kills extra-atomic interferences. On
the contrary, intra-atomic interferences (R„„.= 0)
are not affected since, as in the photon case, two
holes on the same atomic site always have per-
fect phase coheren. ce.

One therefore expects differences between pho-
ton- and electron-induced Auger atomic- V- V lines
and angular distributions corresponding to rela-
tively n.arrow hole levels, ascribable to the pres
ence or absence of extra-atomic deep-hole inter-
ferences. A systematic study of these differences
can be used to get an. experimental cheek of the im-
portance of these effects.
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