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We extend to photoemission the formal theory of the interaction of many discrete states with many continua and
present three model calculations which illustrate the significant aspects of resonant photoemission. The first two
models treat 3p core level to 3d band absorption, followed by super-Coster-Kronig decay (3p'3d" +'~3p'3d" 'ef ),
which interferes with the direct excitation of the 3d valence band. The first calculation is for a simple band model
which applies approximately to Cr. No d-d interactions or atomic effects are included, yet interference characteristic
of Fano resonances is clearly evident. Specifically, a strong dip in the valence-band photoemission occurs near
threshold. The second model contains hole-hole interactions and exhibits a resonant two-bound-hole satellite in
photoemission. The dependence of the pho'toemission intensity on photon energy shows a larger Fano q parameter
for the satellite than for absorption, in agreement with an experiment on Ni. Further, the satellite sho~s strong
enhancement at resonance, whereas the main line (valence-band emission} shows primarily an interference dip, as
observed. The third model is for metals with filled 3d bands, such as Cu, Zn, ... . The absorption is from 3p to the 4s-
4p band. The resulting super-Coster-Kronig decay of the 3p hole gives rise to the M„M4,M„Auger peak (fixed
kinetic energy) as well as a resonant satellite at fixed binding energy. The latter is due to a singularity
tN(hv, E )-(E —E,) "] in the photoemission intensity caused by the strong interaction of the 4s-4p conduction
electrons and the 3d' configuration in the final state,

I. INTRODUCTION

Resonant photoemission involving super-Coster-
Kronig (SCK) transitions was first observed by
Guillot et al. in ¹ metal. For photon energy hv
near the threshold (hv = 66 eV) at which the 3p
core levels are excited, they found that the 3d
electron emission is greatly enhanced. Barth,
Kalkoffen, and Kunz' also studied the resonant
behavior of the emission for various electron
binding energies. As shown in Fig. 2 of Ref. 2,
most of the enhancement occurs in the region of
the 6-eV satellite, whereas the valence-band re-
gion exhibits an interference dip.

Dietz et al. ' first explained the Fano resonance
which occurs at the 3p threshold in absorption"
as well as in energy-loss measurements. ' ' They
argued, utilizing calcu'. ations by McGuire'0 of
decay probabilities and matrix elements, that an
interference occurs between the direct process
3p'3d'+hv- Sp'Sd'ef (in atomic notation) and the
excitation involving SCK transitions 3p 3d'+kp
—3p'Sd' —Sp'Sd'af. The interference gives rise
to the characteristic Pano line shape and the
strong SCK decay determines the width of the res-
onance. Their interpretation was. confirmed by
experiments and calculations on the vapor phase
of the transition metals. " '~ A thorough analysis
of the ¹i-metal loss data has been given by Dietz,
McRae, and %eaver. "

Penn' has discussed resonant photoemission for
a Hubbard model of the d bands in ¹i.He has
shown that the 6-eV satellite corresponds to a two-
hole bound state, i.e., the d'.configuration (also
see Refs. 17-19). It is clear that much of the en-

hancement at resonance should occur in the satel-
lite, since the SCK decay process prefeI entially
goes to d' final states. " In Sec. IV, we consider
the line shape and the i.ntensity of both the satel-
lite and the band emission. Recently, Yafet" has
shown, in this regard, that different final states
can have different resonant behavior (different
Fano parameters q).

Iwan, Himpsel, and Eastman" found a similar
but weaker resonance in Cu. This was unexpected
since the Cu d bands are nominally full (actually
0.4 hole ls present due to 8-d hybridization) and
the Penn mechanism requires some holes in the d
bands. Iwan et al. suggested that a quasiatomic
shakeup state involving the 3d' configuration plus
a low-lying nl electron (mainly 4s) is responsible:
SP'Sd"4s + h v —SP'3d"4snl —SP 'Sd'4snl af. This
idea was also described by %endin. ' Such an ex-
planation can only be regarded as qualitative,
since it is inaccurate to treat 4s-4p electrons in
Cu in an atomic manner. A solid-state model has
been given by Davis and Feldkamp an.d ls dis-
cussed further in Sec. V. Girvin and Penn have
analyzed this model using perturbation theory.

Resonant photoemission. has also been reported
in Cr (Hef. 26), Zn (Ref. 27), Ga (Ref. 26), Gap
(Ref. 26), ¹iO(Ref. 29), ¹-phthalocyanine (Hef.
30), and Cu-phthalocyanine (Hef. 31). All of these
involve 3p core levels and the 3d valence elec-
trons. (Here we do not consider materials in
which the resonances involve other levels such as
4d, 4f, etc.)

The purpose of this paper is to extend the theory
of the interaction of discrete states with many con-
tinua ' to photoemission and to apply the formalism
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to models which illustrate various aspects of reso-
nant photoemission. In Sec. II, we present the
general formalism. Intrinsic to this theory is
treatment of the entire process as, a coherent entity
rather than separate, sequential processes of ab-
sorption and Auger decay. Our results overlap
those of Yafet" and Wendin, ' but are more gener-
al and use a different approach. In Sec. III, we
consider a simple band model which exhibits both
Auger and resonant emission features, but no
satellite, similar to Cr. To our knowledge, this
is the first time a Fano resonance has been dis-
cussed for a model in which no atomiclike effects
(satellites, localized excitations, strong hole-hole
interactions, etc.) are included. A model repre-
senting ¹iwhich has a satellite and is rather
atomiclike is given in Sec. IV. For metals with
filled d bands [Cu (except for the effects of hy-
bridization), Zn, etc.], the model discussed in
Sec. V is applicable. Conclusions and further dis-
cussion are in See. VI.

K dE'
y„(E)=y„+g p, v„(z')q», ,

k~1
(2.7)

z„(z) = [v/1„(z)][z E„(z)],

C (E) =[I/I' (E)]'t'[v'+ z'( E)] 't'. (2.9)

A(„")(E) is the nth component of the vth eigenvector
defined 1n Ref. 32 and

v p 7;„.{Z)V,„(E)= r„(z)&„„„ (2.1O)

v, .(z) = g ~„'"'(E)v„(z).

eg'=z„(z) I z„'"'(z) e„(z)+v„(z) P v„(z)e„),
ff =1

p=1~2~ eee~+ (2.6)

II. FORMAL THEORY
The. "shifted resonance" energy E„is given in Ref.
32. For E&N, there are K-N solutions

Here we extend the formal theory of Ref. 32 to
the calculation of the photoemission. We use the
notation of Ref. 32 and consider a system with
Hamiltonian H which has discrete basis functions
(t)„and continuum basis functions g». The inter-
action between (II)„and (})» is described by

K

4s") = g q," ()E)g», i =ti+ 1, . .. , K
0 1

g Ve„(z)q()(z)=0, &=1,2, . . ., iV

(2.12)

(2.12a)

v,„(z)= {y ~HIy„) . (2.1)

In our applications, V~ represents the SCK matrix
element. As r ~ (r is the coordinate of the pho-
toelectron), g» has the form

q(') E q() E =e, . (2.12b)

(t» = e, sin[a, (E)r+ 8,{z)]/r, (2.2) The photon field is described by

n'~2(z)/2m'=E E,'.
The normalization is such that

(2.3)

where 4~ depends upon the spin rr and direction ~
of the photoelectron as well as the cooI din. ates of
the remaining electrons. 4~ is a product, or lin-
ear combination of products, of a spherical har-
monic 'F, (0), a spin function X„and an eigenfunc-
tion (energy E,') of the ionized system. Hence

H, (t) = T exp (-isn't) + H.c. (2.14)

Here we define the energy of the ground state 4
as zero so that the wave function +(t) of the sys-
tem [with Hamiltonian=H+H, (t)] is (to first order
in T)

K

e())=e, + Q fzzz, (z))e"'eve( )z, )/e), . -
{2.15)

dG(C~ 4q =~~~, 2m ml gq, (2,4)

and

&@,.Ie,.&=&„.&(z-z'). (2.5)

We consider only the case where the number of
discrete states N is less than or equal to the num-
ber of continua K. %hen V~ is taken into account,
the eigenfunctions of H are

E,. (z, t)
dt'(0z"~ II~ t' 4 exp jI't' 0 2.]6

= -&4z() ITIC ) (exp[i(E Ku)) t/E] 1)/(E——E(u) . -
(2.1 I)

In (2.1 I), the term involving T exp(i(z)t) has been
omitted since it does not contribute to the photo-
current.
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dE expi E-@& t S —1 exp -iEt @

[x(E)r+ 0 (E)]/(E &~)—
sin

=v exp[-i(dt+i K(h~)r+i 9 (@& &)] .
1

(2.19)

Betting E=K&u we find from (2.6), (2.7), (2.11},
(2.15), and (2.17)-(2.19)

)l&(t) 8 i)dt g D -(E)pi+& (2.2o)

where
N

D (E) = v g (yz"& lT l4,&C„(E)[-im+z„(E)]V,„(E)
v=1

and

K

. + g w,"'(q(e,&q!"(E))
«=N+1

(t&~ = C, exp[i&(, (E)r+i 9,(E)]/r .

(2.21)

(2.22)
I

We wish to calculate the flux of photoelectrons at
r- ~. From (2.7) and (2.2}, we find that

K

p„- -v g V~(E)O, cos[&(,(E)r+ 9,(E)]/r.
(2.18)

To find the behavior of ql&(t) as r- ~, we make
use of the relationships [for t/I&v'(@~)r+9'(1(q&)]

The photoelectron flux (integrated over 0) at
r- ~ with kinetic energy a =k @2m in the kth
channel is

N (E) =—lD (E)
l

(2.23)

The photoelectron distribution is [see Eq. (2.3)]

N(E, g) = g N„(E)5( e+E' —E) .

Using (2.10), (2.13), and (2.21), it can readily be
shown that

(2.24)

d~ N(E, e) =—P lD„(E}l'f 2

k~1

= W(E),

(2.25a)

(2.25b)

where W(E) is the rate of absorption of photons:

N E

q&(q)= —" g l(q""'(Iqlq, &l'q Z I(q*"'(Iq'(Iq, &l').
v=1 « =N+1

(2.26)

Equation (2.26) expresses the rule that for each
photon absorbed, a photoelectron is emitted. "
This is a consequence of omitting radiative decay
channels —a good approximation for the applica-
tions of interest here.

We can evaluate D~(E) by substituting (2.6) and

(2.12) into (2.21) and using (2.9) and (2.11):

N N E E E

D, (E) = ~ g —' (z„+i.)- V„Q ~„'"' (y„ lT l c,&+z.Q V,*.«, .IT I c,&
- v 2 ql" ZV

n~l k'=1 «~+1 k'=1
(2.27)

[ff ff=N, the last term of (2.27) is omitted. ] From (2.10) and (2.13}we note that the K vectors whose kth

components are given by $("&= V,„(/»I'„)' 't, v=1, 2, . . . , N and q,"&, i =N+1, . . . , E, are orthonormal. Con-

sequently we have
K N

(2.28)
« =N+1 v=1

Substituting. (2.28) into (2.27) gives

D, (E) =-» (g,z lT l
4 &

—v Q (mVq„(E)/1"„(E)] [z„(E)+i»] ~

v 1
N K

Z" ''(q'&(q (@Iq'Iq&-."' Q )l..(q)(q. ~ Iq(lq&).
n=l k'=1

Provided the denominator is nonzero, it is useful to define a parameter"

(2.29)

N E -1

q (El F, &.'"'(E)(q„lq*l=q (q')) qQ &;,.(q')(.q, lq'Iq, ,
&)

n=1 k'=1
(2.3o)

which we always take to be a real quantity. Using (2.30} in (2.29) gives

N K

D, (E) = ~&(I„lr l
e &»-g "" [z„(E)+tv]-'[q„(E) i]~ g V,*,„(E)&&t,, lr lC,&.

» &&z q fq E )q
k' =1

(2.31)



6242 L. C. DAVIS AND L. A. FELDKAMP

From (2.25), we can show that
K N K

g. l&&.s IT 14,&l'- g [./I„(E)] g p',*„(E)(@„lTlc,&

k=1 v=1 k=1

N K 2

+ Q. I~/&. (&)I I T' (@&t).g I
& Io) Iv. (&)+*.)&)/~)'/)I~. )@/~)'+ &)I.

vol k-"1
(2.32)

The last term of (2.32) is the "resonant" part of
the absorption and the first two terms represent
"background. " [When K=K, W(E) contains only
the resonant term. ]

As pointed out by Yafet21 and independently by
Wendin, " the energy dependence of N, (E) is, in
general, different from that of W(E); that is, the
intensity of emission corresponding to a given
final state k does not depend upon photon energy
E = hp =Sr near resonance in the same manner as
the absorption.

At this point it is worthwhile to explore the
meaning of the sum rule (2.25) as it applies to sol-
ids and the relationship of W(E) to the absorption
coefficient and the macroscopic electric field. If
we exclude secondary electrons and regard the
surface electron transmission as a constant (inde-
pendent of E), the tota~mber of photoelectrons
must be proportional to the number of photons ab-
sorbed in a region near the surface whose width is
X„, the electron escape depth. This is the sense
of (2.25). Omitting surface photoemission (e.g. ,
from surface states), we find the total electron
photoemission for a surface area & to be

W, (E) = const x Im[e(&u)] lE l'X„/I/2«(2. 33)

=const xncp. lEl )).„A/2vR (2.34)

where e(&u) is the dielectric constant, n = Re&(&)'
E exp(-i&st)+ c.c. is the macroscopic electric field
just inside the surface of the solid, and p, is the
absorption coefficient. Although it is customary
to compare integrated yield to p, under conditions
of constant incident flux, there is some & depen-
dence in the factor n l

E l'/(u as well as in the trans-
mission factor and X„. (Here we assume that
p, A.„«1.) In Ref. 32, we called attention to the dif-
ferences in line shapes among similar quantities,
Ime, Im(-I/a), p, etc. The w dependence of the
factor n l

E
l

/w could well introduce such differ-
ences between p, and the yield.

jf we use a single-particle or an atomic descrip-
tion, the interaction operator T involves the mac-
roscopic field (as opposed to the applied field) in-
side the solid. Hence

(2.35)

where

or

T, = (e/im(u)E p, ~

T&-ex,. ~ E

(2.S6a)

(2.S6b)

K

El Q
1

e ~
x~ 4,

(2.Svb)

=I ~(~) IEI'I'/2«, (2 36)

where e is the polarization vector (E = lE le) and
V is the system volume. Although we calculate
the absorption for the entire volume of the sample,
it is only a small region near the surface which
actually contributes to the measured photocurrents
(I/'-AX„). Consequently, we neglect the variation
of E with position. For simplicity, we use the
length form (2.36b) and take lE l' to be independent
of & in the model calculations of Secs. III-V.
Clearly the results could be multiplied by a factor
which varies slowly with frequency without affect-
ing the results significantly.

III. APPLICATION TO Cr

A. Description of model

Resonant photoemission involving SCK transitions
is generally associated with atomiclike effects.
For example, strong 3d hole-hole interaction re-
sults in localized excitations, so that ¹ can be
treated from a purely atomic point of view in first
approximation. ' However, it would be incorrect to
assume that a Fano resonance cannot occur in a
purely band model (single-particle picture) in
which no electron-electron interactions are pres-
ent. Such considerations are important because Cr
metal neither has a satellite in x-ray photoemis-
sion spectroscopy nor does the L2 3~4.5~4 5 Auger
spectrum' appear atomiclike as in Ni, but none-
theless the valence-band emission shows a strong
dip near the 3P threshold. " En this section, we
investigate Fano resonances in a simple band
model.

the sum being over all the electrons in the system.
Substituting (2.36) into (2.26) gives

w)E)= z, , )E)'P (e"' I ) p e)1

(2.37a)
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I et us consider a paramagnetic solid consisting
of N, atoms. (The fact that Cr is actuaQy antifer-
romagnetic is of no consequence here. ) The dis-
crete excited states are

r„(z)=~ g v+(z)v, „(z), (s.ii)

y„=c,'p, le,&, (3 1)

mhere cp~, creates an electron in an empty band
state p (energy= a~, p =wave vector and band index)
mith spin o and 5, creates a hole with spin s in a
core level at the origin (energy= a,). The energy
lS

r„.= [(r,/x, )+ r,~„j~,—.~,.—, (3.13)

From (S.V), (3.3), and (3.11), we find (n =Pcs
and m =pos)

E =$p- f~o (3.2)

The number of such states is &s&, (for a given s).
The continuum states are of tmo types. The first

type gives rise to interference (coherent process-
es) and will be designated by I:

r, = (pr„/z) r„
r, = (x„/3)'r„

(s.i4)

(s.i5)

(s.16)

&az =u6)m ep e l@g) ) (3.3)

(3.6)+= 6+ Cp - Cp —fp

%e take the matrix elements to be of the form

where u~, creates an electron in the ql continuum
orbital (here f stands for all orbital quantum num-
bers) with spin m, and p'a' is a valence electron
(occupied state). There are N~&, continuum states
for each lm, . The energy is

(s.4)

The other type of continuum state gives rise to
Auger excitations (incoherent) and will be desig-
nated by A:

(A. ) 0 t
&))s =so&~e eases-e l@g) ~Pfs 1 1

It can be shomn that 2l, is the x-ray photoelectron
spectrum width [full width at half maximum
(FWHM)j of the core level. Here we assume that
the empty states are in. the same bands as the val-
ence electrons (M bands in our examples).

Equation (3.13) indicates an interesting feature
of the band model. As might be expected, the in-
terference term in the diagonal matrix element is
of order 1/No. Although it is tempting to neglect
it as mell as the off-diagonal terms since N0 is
large, explicit calculation shows this to be mrong.
Such neglect mould amount to omitting all inter-
ference effects (which are of order 1, not 1/No).

Only solutions mhere o =s are of interest, since
absorption does not change the spin. %ithout loss
of generality me take o = s = &, since spin 0 mill be
identical. Then the label n becomes just p(m be-
comes P) and (3.9) reads [using (3.2), (3.10), and
(s.is)-(s.15)j

v (z)= t(5„,6„, 6„f)„., ) (3-7)

0

That is, me neglect the dependence upon p, p', p„
and p2*

To find the solutions g„(E) and &„(") required in
Sec. II, me must solve 2

(E„z)x„(E)+g z„(z)w„(s)

+[&(z)/vj g r„.(z)x.(z) =o, (s.9)

(3.13)

The sum on P is over empty states (one spin only).
It is expedient to assume that all ep are nonde-

generate. Then it is straightforward to show that
the solutions to (3.17) are given by the solutions
s=s„(E) of

A (Z, s) =Z, + (s/v) r„
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The corresponding eigenvector is
Z/2

E,'"'(E)=(, (E,z„(E)) (Q (-,(E'e (, )„E)

(s.21)

where

~N, E —@~+ &, —F, —(z/v)I;
'

Furthermore, we find from (2.11), (3.7), and
(3.8) for c= s = 4

where F(z) is analytic on and near the real axis,
the contour C encloses the poles z„(E) on the real
axis, and

h(E,.) = (z/v)r, +F, —A(E, z).
Consequently,

(3.33)

fixed E) which are conveniently expressed in terms
of an integral:

F(z) 1 d E()
r, + r, gt,'(E, z„) 2mt, vh(E, z)

0 p

for any p' and

y(A) & ~(v)g
Au ~ p ty

'

m+
0

(3.2s)

(3.24)

2

o,"'(E)=-~ («(r(E )+ ' Q E,.(,.)(q i)
~N

1 dz 1
2vi c mh(E, z) z+iv J

(s.s4)
for any p, and p, . In (3.23), the matrix elements
for m, = v' = 4 (with cr= s = t) vanish since the direct
and exchange Auger terms cancel. In (3.24) we
take 0, =4 and o2= & to avoid double counting.
From (2.10), (3.23), and (3.24), we have

By deforming the contour,

1 dz 1 -1
2vi wh(E, z) z+Ar wh(E, -i))') '

From (3.33), we have

(s.s5)

A(v)

The dipole matrix elements are

and

(s.23)

(s.2s)

h(E, iv)=F, ir, —A(E, iv),

where, using (3.20),

dS pz(S)
E g+g -F +21

and

(s.ss)

(3.37)

(y(",' lT l4,&=0.

Equation (3.27) holds because (t~(") can not be
reached from 4 by a single-particle excitation.

It can be shown from (2.30) and (3.1) that

(3.27)

0' =0'=to ~ ~itr
)

(s.ss)

where the core level to P matrix element is inde-
pendent of p:

&p l
T

l
core& = to/~N, , (s.29)

and

(s.so)

(s.sl)

In evaluating (2.31), we encounter sums (for

dE'
(,=(,'+ I, E/E E, E, (E')t, (E ), '

p, (S) =—Q 5($ -ep)1

0 p
(s.ss)

1
E —&p+ a, -F,+2I; ' (s.so)

The photoemission intensity for the interference
or coherent processes is (both spins)

N")(E, ~)=—„Q IDl" (E) I'(E-~+~, ) (3 4o)
m pl

It we replace p, l(«lT l p'&l by its average,
(2/N), )P, t» then from (3.34) and (3.40)

is the density of empty states per site for one spin.
Note that Jd8 pz(8) =Nz /2. A similar calculation
gives

(A) 2 i A(E, iw)
DE (E) =m V( M V& t( sl.2

0 ( y
2' /

2

N(»(E, e)=—N, sp, (e E) —g t', 2v~ p V, t, Ite

where

Pv(&) =N—Q ~« -&n )
1

0 p

(3.41)

(s.42}
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(s.4s)
where

is the density of filled states per site for one spin. Note J dh pv(8) =N~/2. In the second and third terms
of (3.41) we have inserted a factor of N, N, /2 to account for the number of core levels (N, per site count-
ing both spins} and number of sites, since our development has considered only one core level at the
origin.

Similarly, from (3.39) we have

2 2

N'"'(E, e)=—NON —(q +1) m Q V, t,
V 1

dS @,', Srr(8+a, -E,+e)ps(8+~, -E,+E)
C

s „(())=Jd() p()l )p„'(() -'()') (s.44)

is the self-convolution of the valence-band density of states. Note f dh S),v(8) = (N~/2)'. The absorption,
which is the sum of (3.41) and (3.43) integrated over (. (quantities such as V, and t, which vary slowly with
& are evaluated at an appropriate average value), is

2

W(E)= I N() 2Q t, +mN, Q V, t, Im[(q —i) /h(E, -im)]
2 2

(3.45)

If we wish to include Auger transitions in which the core electron is absorbed into broad empty bands
which cause no interference (e.g. , the 4s-4P bands), the additional photoemission is given by

2
N'"' (E, e)=—NON — d8$2 / S ry( 6+6, E+6) -g (()( ~IT ~

core)) ~(4+6, —&,+E —E) . (34(5)
V

Here we designate the empty band states by v and

keep a general form of dipole matrix element. The
integral over of N'"' (E, e) is to be added to (3.45).
The principal difference between (3.43) and (3.46)
is that for narrow 3d bands (for example) the in-
tensity represented by N'"'(E, c) is confined to an
interval in kinetic energy around e = E —ez+ 2((.'~.)
for any E, where (c~,) is the average energy of the
filled states. On the other hand, the peak in
N'"'(E, g} occurs at e ™2(a~)—e, +E, for E above
threshold. The former is at fixed binding energy
(E- t) whereas the latter is at fixed kinetic energy
as a function of E (photon energy).

B. Numerical results

I

where

(3.51)

and

r,N, [S.(E) —tT (E)]/2W,
ir, )N, [I,(E) iT(E)]/2W,

(s.52)

(E E,„)'+r,'L(E}= I
( C

T (E) = tan-'[(E E,„)/r, ]
+tan [(E~„—E+ Ws)/I', ],

(s.5s)

(s.54)

We consider a simple density of states

p, (&)=
(

l, O otherwise .
(s.47)

CP CC +~C '

From (3.43),

&'"'(W= JdkÃ'"'(E c)

(3.55)

(3.55)

Defining

(s.4s)

&(q +1)1 N N T(E)/4W
I1 —(F —il )N [I (E) —iT(E)]/2W I' '

(s.5v)

N'"(E)= J'daN (E, a) (3.49)

=R,(1+rN. Its[(q -i)J(E)]

+(r/4)N, N, (q'+1) ~~(E) t'j, (S.5O)

which is the integrated photoemission intensity in
the absence of resonance effects, we have from
(3.41)

In Fig. 1, we give results for parameters rough-
ly typical of Cr. The interference term N(~)(E)

(integrated coherent photoemission as a function of
photon energy} shows a pronounced dip at thresh-
old, whereas the absorption shows less dip be-
cause the Auger intensity N'"'(E) turns on in this
region. The peak at E-E,„=hv —hv, = 5 eV is
associated with the sharp cutoff of the density of
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2. .0

l.5

0.5

0-4 -3 -2 -I 0 I 2 3 4 5 6
ha —hvo (eV)

FIG. 1. Photoemission intensity {yield) and absorption
in units of 8 & vs photon energy for band model with

parameters appropriate to Cr: N&=N&=G, %&=6, 5"&=6
eP, &0=0.03 eV, q =2, y=l, and Ql= —QI. Pf +~(E) is
the integrated photoemission due to Auger transitions
and N+~(E) to interference (coherent) processes. The
absorption g(E) =N+~(E)+N~+~(E), E=A p, and hpo=E&h.

states at q~+ W~ and mould be smoothed out if
ps(E) went to zero more gently. The sharp edge

at &~ is realistic because it represents the Fermi
factor. %e do not consider the additional Auger

transitions +'~ '.
For fixed photon energy, the spectrum N'~'(E, e)

as a function of electron energy e is given by the

occupied valence-band density of states p~. Like-
mise, the Auger term for fixed photon energy de-
pends upon the self-convolution of p~ and lifetime
broadening. For I",«hp -hpo«$'- I;, the Auger

term as a function of a i's approximately indepen-
dent of hp in this example, i.e., the Auger elec-
tion ls at fixed kinetic encl gy.

The qualitative features of Fig. 1 are, in many

respects, similar to the data for Cr." In particu-
lar, the valence-band emission shows a large dip

at threshold. Ne conclude that interference occurs
in. the yield and in the absorption. ." The observed
Auger peak corresponds to the decay following ex-
citation of the 3p core electron to empty 3d bands
as well as the 4s-4p and other bands.

In Ref. 8, me analyzed the Cr absorption in
terms of atomic multiplet splittings. Here me omit
such effects and concentrate on band effects. A

more comprehensive model mould include both as-
pects. Also, Barth et al."discuss additional de-
cay mechanisms not considered in the present
work.

IV. APPf.ICATION TO Ni

A. Description of model

Jn this section, we present results for a model
which represents the essential physics of the Ni-

H= ef„d-„,d»+et ~d,.td, ,+ U gn, . ttt,
k

—Vn, ,) bb'+ ~,b'b, (4.1)

where &« is the orbital energy and d-„& is the crea-
tion operator for the k4 Bloch state, g~ is the
Qverage) energy of the 4 band, U is the d-d el.ec-
tron-electron interaction (as in the Hubbard mod-

el), bt creates a 0 core electron,

S)fy . defy df ty
(4.2a)

d, ,=N, ''a g exp(ik ~ R,.)d„-, .
k

(4.2b)

~4»=f 'j,"Id,'. , ~0&

where ~0) is the vacuum. The ground state is

~e,& =IId; „~c»,

where k„k„... , k~ are the L lowest energy 4 or-
bltals. The ground state encl gy ls

E = &g l, +&,+LU+Noqt.
g k~

j=1

(4.3)

(4.4)

(4 5)

The discrete states (P„of Sec. II), corresponding

metal resonance. This model differs from that of
Sec. III in that hole-hole (or hole-electron) inter-
actions are included. Consequently, atomiclike
effectsy lncludlng the presence of a tmo-hole satel-
lite in nonresonant photoemission, are specifically
considered. We are interested in the difference
in the hp dependence of the main line and satellite
spectra and in the effect of interference on the line
shapes.

Let us consider a filled spin 4d band 2nd a par-
tially filled spin 0d band (neglecting the orbital
degeneracy of the d bands). For simplicity, we

neglect the dispersion (width) of the td band.
Hence the model is the strongly ferromagnetic
Hubbard model in mhich the 0 band is flat. Strictly
speaking, it applies to a transition of the type

2P -3d followed by L, ,M»M, , decay, but here
me apply it to 3p -3d followed by M»M4, M4,. de-
cay. The model is similar to, although not identi-
cal to, that considered by Penn. " Qur analysis
differs from Penn's and we examine different as-
pects.

In the presence of a 3P core hole, the 4 elec-
trons see a local potential-V at the core site
(t =0, for example). " {It is not necessary to
include the interaction of the 0 electrons with the

core hole since it can be absorbed in the definition
of excitation energies. ) The Hamiltonian is
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b 14-&=b II"., I4'
j=l

with energy

(4 6)

E = z„+N0gt+ L+1 U,
j=l

where

(4 7)

to the excitation of a core electron to the kd band,
are"

L+1

E =e+E~,

where

(4.12)

the photoionization of a 0d electron, are
L

td =otl@tI& =~ iid =or j..tc . IC')
j-1

where g~ t creates an &l4 continuum electron,
P =fm»m„. . . , m~), and c' is analogous to c„with
V replaced by U in (4.9) and (4.10). The energy
a,ssociated with (4.11) is

k~ P kocn (4.8)
L

E&= & + N0 —1 Et+LU+E ~

j=l
(4.13)

VM
(& t u )Sf„=—~ Sf

0 k'

so that

(4.9)

dk& Vn'=0~ Z~ cu„c„c„. (4.10)

The index u stands for f „n„n. . . , n~„}.
The continua (g,s of Sec. II), corresponding to

The matrix element V~„ is, from (2.1), (4.6), and

(4.11)

&4,'Id,'. o„a„(ffb
I
4 „&

=-&p« I
"/r ldd&&c old;-o~ I

C. & (4 14)

where (piffle'/rldd) is an atomiclike SCK matrix
element. Note that in this section, p means 3p
core. It is straightforward to show from (4.3),
(4.6), (4.8), and (4.11) that

S,n
k

$-kn
k

+o Q S~o
k

(4.15)

(m ~In, ) ~ ~

where

( . I.)=gsgs-, „.
k

(4.16) & c'o
I
4'. &

=

ST

S~
R2ml

S~
klm2

S,
k2m2

kl m L

k2m L (4.18)

S~ is analogous to $&„with V replaced by U in

(4.9).
The dipole matrix element to a continuum state

1S

$ g $ g o $~+
%Lml k Lm2 SLmL

The dipole matrix element to a discrete state is

&C.zl TI C, & =&«I T Id&&Co I
4, &

where (el
I
T

I
d) is atomiclike and"

(4.17) &V. l
T

I C, & =-«I T p&&c. Id,'-o~
I 4, &

where (d
I
T

I
p) is atomiclike and

(4.19)

N-1/2 Sw N "1/2 S+, ~ ~ N-1 /2
0 knl 0 kn2 0 knL+1'k k k

&c.ldt „I4,&
= Sk, , kjn2

~ ~ ~

S-
kl nL+1 (4.20)

% Lnl kL 2
S-

k LnL+1
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The matrix element of I' (in the Q„representa-
tion) is, from Eq. (15) of Itef. 32 and (4.14},

The binding energy of the Pth final state is [from
(4.5) arid (4.12)]

where the SCK width (2I', =FWHM) is

(4.21) E~ =E~ —E
L

j 1

(4.30a)

(4.30b)

I'.=~+ l&P«le'~~ldd&l'. (4.22)

++1 2'

&4'. ln;-oil 4'. & =N.' 2 QSI'
)=1 k

(4.23)

In what follows we require only the diagonal terms
of 1" so we note that

The photoemission intensity as a function of binding

energy Es=hv —e is QP'~(E) 5(Es —E~s).

Likewise, the absorption is [from (2.32)]

»!&& '» =(&i—
-' 'I, —'&(e„~~d!., ~o, &&'

From (2.30), (4.14), (4.17), and (4.19) we find that

the Fano parameter is the same for all v, i.e. ,
q„=q (which is an atomiclike quantity) where

«I~I &+&Z fP',
&

&' &&dd)(&'&~~&~ld&

2.F(».&
—' aa)(.&~~r~~d&

, [q+ z.(E)&~]'

[z.(E)lw]'+ I '

The exact sum rule (2.25) requires

QNg(E) = W(E) .

(4.31)

(4.32)

(4.24)

We neglect the slow variation of q with &.

We shall regard V as large enough that n,. p$

= c~c„so that &C, ~n, , & ~
C, & =0, n' c n. (We con-

sider only those states n for which n =1 is oc-
cupied, since the rest have negligible absorption. )

Hence we can neglect the off-diagonal elements
of I'. In this case Ai„'= 5 „and (I" =I' )

The extent to which (4.32) actually holds for our

approximation is an indication of the validity of

our neglect of the off-diagonal elements of l".

B. Numerical results

Typical photoemission plots (in histogram form)
are displayed in Fig. 2 for various photon ener-
gies. Each curve consists of a main line and a

z (E) = (E-E ) . —r (4.25)

+ ' 2 He(& 4,
~

Cg &X/ . , (4.26)

where

t~= &l Td (4 -'7)

The resonance shift I' is neglected since it is
insignificant in the present context.

From (2.23), (2.31), (4.14), (4.17), and (4.24},
we can show that the photoemission intensity of
the Pth final state is for N, sites (E=hv+E; note

that in this section E,c0)

»,!» ~'&!.&l I(!"
I
+,&

&

'+ ~(~) lxs. I

'

/f

Fp

/g

/j5
i~

44„::5":::::„

5 4 3 2 I 0
e Ee {ey)

v-hvo
{GV)

-2

2

(4.28)

X, =«;)g —' — '
. -&e; ~d,. „~C.&&C.(d,. „~e,&.

(4.29)

FIG. 2. Photoemission intensity vs binding energy

E at various photon energies near resonance for the

Ni model: Pfp=20, L=16, V=2.5 eV, U=2.5 eV, band-

width =2.5 eV, &=1, q=1, and Ip=1 eV. 8 vp=E~ ~
—E~. Only the f emission is shown. If the t bandwidth

were included in the calculation, the main line, which

corresponds to valence-band emission, would be broad-

ened, but the satellite would remain nearly the same.
The k emission is constant as a function of jap and is
distributed in E+ according to the occupied $ valence-
band density of states.
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satellite, the latter being due to two bound holes
at the origin in the final state. The excited state
obtained upon absorption of a photon decays pre-
ferential. ly into the two-hole bound state because
the Auger (SCK) matrix element has been taken
to be strictly intra-atomic. Multiplet structure
and the finite lifetime of the two-hol. e bound state,
effects omitted in this model, broaden the satellite
observed in Ni metal.

The absorption W(E), shown in Fig. 2, has the
characteristic Fano line shape. Also shown in

Fig. 3 are the integrated intensities of the main
line and satellite as a function of photon energy.
For the model presented in this section, it is not

possible to separate the photoemission into inter-
ference (N'~') and Auger (N'"') terms as in Sec.
III. The integrated 4 band emission, which is
equal to (2m/h)Lt„', ha. s been added to the main
line (and to the absorption), since there is no 0

satellite in this model. The different asymme-
tries (different effective q values) are evident.
The qualitative features of these results agree
with the experiment shown in Fig. 2 of Ref. 2.
Interference, similar to the dip in the main line
of our Fig. 3, is clearly evident in the valence-
band emission of Ni. Likewise, the resonant en-
hancement of the satellite is observed. There is
a question, however, as to the amount of asymme-

try in the satellite intensity because of the over-
lapping M»VV Auger signal (core electron ab-
sorbed into 4s-4p conduction band). Iwan et al."
attempted a decomposition of the spectra into a
satellite and an Auger term. The intensity of the
satellite as a function of photon energy was found

to be resonant but did not display q&0 asymmetry.
On the. other hand, the satellite intensity obtained

by Guillot et al. ' and by Barth et al. ' (curve c,
Fig. 2 of Ref. 2) is similar to our calculated satel-
lite curve.

It is interesting to compare the results of this
model with those of the band model (Sec. III}
which neglects hole-hole interactions. In Fig. 4,
we show the results for N~=1.3, N~=0. 2, Nc=2,
%~=0.2 eV, I', =1 eV, q=1, 7 =1, and El=0.
[Note that although N», Ns, and Nc are smaller
than realistic (for Ni Nv= 9, Ns =1, Nc =6) this
is compensated by letting I", be large (realistically
1,=0.04 eV). I For comparison of intensities, we
note that Q, t', = —,'N„t~ in this case. Since 8"~ is
small, the results are nearly the same as the
simplest Fano theory in which the absorption goes
as A+8(q+8)'/(8'+ I), where e =(E—E,„)/I".
The curve for N'~'(E} is of the same form, except
that q is smaller, a result found. by Yafet." The
Auger curve is nearly Lorentzian and the Auger
electron appears at approximately "fixed" binding
energy.

The absorption curves in Pigs. 3 and 4 are al-

2.0

I.S 2.0

I.6 I,S

I.4—
V)x
IUI-
X

0.2— te

I.4
K
hlI-

i
0.4—

0 ~ I I I I I

-5 -4 -5 -2 -I 0 I 2 5 4 5
h~ —h~ (eV)

FIG. 3. Photoemission intensity (yield) and absorp-
tion in units of (2m/1)Npt& vs photon energy for the Ni

model. Main line refers to the integrated intensity of
the large peak in Fig. 2 plus the & emission (L/Np in
these units) not shown, whereas satellite refers to the
smaller peak. The absorption W is the sum of the main
line and satellite photoemission.

0.2—

0—-5-4-3 -2 -I 0 I 2
h —h ()(ev)

4 5

FIG. 4. Photoemission intensity (yield) and absorption
in units of (2~/S)M pt& vs photon energy for band model
of Ni. : Nv 1.8, @~=0.2, Nc 2, W~=0.2 eV, I'p ——1 eV,
q=1, 7 =1, F& ——0, hvp=E&h and W=N '+N
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most identical, indicating that absorption is not
sensitive to hole-hole interactions in nearly filled
bands. The Auger emission in Fig. 4 is similar
to the satellite emission of Fig. 3, although the
latter contains some asymmetry and is smaller.
Also observed experimentally but not included in
our model is Auger emission which occurs at
fixed kinetic energy, not fixed binding energy as
in the present case, arising from final states
where the electron goes into the 4s-4p band. " The
dip in tice main line at resonance (Fig. 3) is similar
to but weaker than in the interference term (Fig.
4)

The physical picture is now fairly well estab-
lished. Near resonance, a 3p core electron is ab-
sorbed into the 3d band. Owing to the core hole
potential, the charge density is approximately
Sp'Sd". Super-Coster-Kronig decay results in
two 3d holes which may be localized (bound) on.he same site, giving rise to satellite emission
and the 3p'3d' configuration, or may be free and
extended throughout the crystal. The latter cor-
responds to the two-hole continuum in the Auger
problem considered by Sawatzky' and mini. " This
emission occurs at lower binding energy than the
satellite and interferes with the main line (valence
band) emission. The stronger the hole-hole inter-
action, however, the more the interference would
occur in the satellite because of the preferential
decay into the two-bound-hole final state.

V. APPLICATION TO Cu, Zn, ETC.

A, Description of model

The model presented in this section has been de-
scribed previously. ' The notation differs slightly
to be consistent with previous sections and an er-
ror in Eq. (11) of Ref. 24 is corrected. The pur-
pose is to show that resonant photoemission can
occur even though the 3d bands are full. Zn is a
good example of a real metal to which our model
applies, since the Sd bands are well below the
Fermi level. Cu is another example, although
hybridization causes some 3d character above the
Fermi level. This may make Cu somewhat like
Ni. Dietz et al."have shown that interference
effects occur at the 3P absorption threshold,
which suggests the importance of the 3d component
of the empty states above the Fermi level. How-
ever, away from resonance, the excitation. of the
two-hole satellite is weak, in contrast to Ni.

We consider only a single conduction band (ana-
logous to the 4s-4P bands) into which the 3P core
electron is excited when a photon is absorbed. In

the ground state, the Hamiltonian for the 4s-4p
electrons is Ho=+&a&c;c-„. For simplicity, we
neglect spin. The ground state is 5 I4 &, where

now IC ) =g&, cg IO&. The ground state energy is
E =Q zE, q-„. + e, . Following absorption, the Ham-
iltoni. an consists of H, plus an interaction term due
to the hole in the core level:

II= fgCg Cg ——
No

(5.1)

where UE is a parameter describing the strength
of the interaction. II can easily be diagonalized
using (4.9) with V replaced by UE:

II= (d„c„c„, (5.2)

where now cj=+„S~c,. The discrete states (P„
of Sec. II) of the system are

L+1

l~-&= II .',. Io&,

where & stands for (n„n2, . . . , nE,,). The energy
ls

(5.3)

L+1

E„=gM„
i=1

(5.4)

E=&+6 +E(d )+EE,

with

(5.7)

Es= Z ~m. .
f.~1

(5.3)

The energy for the creation of two bound holes is
E(d').

The matrix element (V~ of Sec. II) for the decay
of the discrete state lp ) into the continuum state
l&EE& is

These states decay by super-Coster-Kronig
transitions into continuum states with the core
level filled but with two Sd holes bound at the ori-
gin (the 3d' configuration). " Here we neglect dis-
persion of the two-hole state as well as its multi-
plet structure. The Hamiltonian for the conduc-
tion-band electrons in the presence of the two
holes is the same form as (5.1), but with UE re-
placed by Us which we expect to be much larger
(UE corresponds to Z =1 and UE to Z =2). Let us
denote the eigenvalues and eigenvectors by ~„' and
S-„', etc. The continuum states (P» of Sec. II) are
denoted by lgEE& where

t&a &=5'I«'4t'& (5.5)

& stands for the photoemitted electron (for sim-
plicity we do not consider its orbital symmetry),
d' signifies the two-hole state, and

L+1

(5.5)
j~l

Here p stands for (m„m„. . . , mE.,) and the ener-
gy of ISSUE& fs
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~,.(E) = I;&y,'Iy. &.

Here V,- &3pef Ie'/~ I3d3d), the super-Coster-
Kronig matrix element. (We neglect its depen-
dence on &.) The total decay rate of P„ into all
continuua is I', =m

I
I

The photoemission intensity N(hv, c) can be cal-
culated from (2.23) and (2.27). In this case,
&g~z IT I4 ) = 0 for all continua, since there is no

direct excitation of the d' final states. The result
is (multiply by N, for all sites)

Now

w(E)=——Q I&/~IT Ici &I 5(E —E~) (5.15)

25 /~ (5'/~)2

The phase &' is determined by U~.

(5.i7)

is the absorption of the core level into the 4s-4p
band if the core hole has a potential U~ instead of
U~. The singular behavior of W(E) is (E —E,) ",
where" (for a single spinless band)

where

»(hv+ E —a —&, —E(d') —Eg),

(5.io)

, ', I&@.IT Ie,& I'. (5.12)

Threshold is at hvo=E~ „—E = —e, +P„;'&u„
—Q&.~&-„, where E~ „is the lowest E . From
(5.10), we see that the possible values of binding
energy are

z. =m(at +E E„)/r, (5.11)

and &gati IT IC,) has the same form as (4.19) and

(4.20) with &d IT I p& replaced by &s IT p)
essential feature of (5.10) is the adding of ampli-
tudes for the excitation. of the Pth final state before
squaring. The rate of absorption is [using (5.9)
and (5.10)j

IF(hv) = f dcN(itv, f)

B. Numerical results

Calculations for the model presented in this sec-
tion are displayed in Figs. 5 and 6 for a constant
density of states with the band half filled. In Fig.
5, we plot N(hv, Es) vs E for various kv near
threshold, hv, . (This is a corrected version of
Fig. 1 in Ref. 24.) The valence-band emission is
not shown, only the satellite and Auger peaks. The
latter moves to larger binding energy as hv is in-
creased, since the kinetic energy e„of the Auger
electron is fixed (recall E„=hv —e„). The satellite
persists well above resonance because of the sin-
gular behavior of N(hv, E ). The integrated intens-
ities of the Auger peak and the satellite are shown
in Fig. 6; the absorption is also shown. These re-
sults are in qualitative agreement with the results
of Iwan, Himpsel, and Eastman. "

The mechanism has features which may possibly
be tested experimentally. The width of the satel-

Eq =E(d')+Eq —Q eg . (5.i3)
/~1

The lowest binding energy is E, =E(d') +g„.",&'
—P~.,e-„, which corresponds to the d' satellite
(the last two terms represent the relaxation of the
conduction electrons around the two bound holes).
We can rewrite (5.10) as

hpp

N(hv, c)=
@ Q Q &Q~ IT I@&~s~

p S~+
x Ei(Es E~) (5.14)

Inaef. 24, weremarkedthatN(hv, e)-1/(E~ -Z, )~

as g~-g~. We can derive the limiting form of
(5.14) for Ihv —hv, I»l", by replacing z„by

-=Z I&~. ITI~,&I". Z I&~. ITI;&I

Using (5.9) and the completeness of I&]& ), we find

N(a. ..)=—„' —', . g I&q,'IT IC,&I'5(E'-E;).
(5.15)

-6
I2 IO 8 6 4 2 0 -2

Ee Ee (eV}

FIG. 5. Photoemission intensity vs binding energy at
various photon energies near resonance for Cu model.
Calculation for half-filled uniform band, e&—-10 eV,
U&=0, U& =10 eV, I'0=1 eV, and N& =32. Only the
satellite (lowest-binding-energy peak) and the Auger
emission (peakwhich moves to larger E~with increasing
jap) are shown.
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FIG. 6. Photoemission intensity (yield) and absorption
in units of {2w/g)iVO (s) T)pl /sI, vs photon energy for
Cu model. Satellite refers to the total intensity of the
fix'st three channels (lowest E&) in Fig. 5. & represents
the 3p 4s-4P band absorption. The absorption 5" ex-
ceeds the sum of the Auger and sat'ellite photoemission
slightly, due to final states (mostly at high energy)
which have been omitted in the photoemission calcu-
lation. The decrease in W and the Auger intensity near
8 eV results froxn the finite width of the band. Absorp-
tion and photoemission due to the filled 3d bands and
occupied 4s-4p bands are omitted.

VI. CONCI USIONS

%6 have presented three model calculations
which illustx ate the essential features of resonant
photoemission lnvolvlng super-Coster-Kronig
transitions in the 3d metals. For metals in which
the 3d bands are not completely filled, absoxption,
into the d bands followed by the decay of the 3p
core hole can interfere with the dixect excitation
of the valence band. ff a single-particle {band)

lite peak (actually two peaks due to multiplet split-
ting). is governed by the lifetime of the I' config-
urRtlon but does not coQtRln the 3p hole lifetime
broadening or the 3p spin-orbit splitting. Also,
there Is some asylIlmetry In the satellIte (talllllg
to higher binding energy) according to our model.

picture is valid, as it may be for certain aspects
of Cr, then the decay can be separated into two
parts: (i) a coherent term (which results from the
direct recombination of the electxon absoxbed from
the 3p core level into the 3d band) that causes in-
terference mostly of the form of a dip (i.e., srnall-

q Fano resonance); and (ii) an incoherent term due
to Auger processes. %hen electron-electron in-
tex'Rctlons become importRnt, the Augex' lntenslty
occurs at higher binding energy because of the 3d
hole-hole repulsion. In ¹1it occux's mostly in the
satellite region. Asymmetry of the satellite peak
is due to interference between direct satellite
excitation and decay of the 3p hole. The strong
Augex' component, however, causes the q of the
peRk to be 1RX'ge.

In metals with filled 3d bands, a new mechanism,
which involves the singular response of the 4s-4p
bands to the d' configuration in the final state, be-
comes important. In Cu, the presence of hybrid-
ized 3d states above gz may also be important be-
cRuse of the enhRnced osclllRtor stl ength Rssocl-
ated with transitions of 3P to states near &~. The
semiconductor GRP is interesting because the
satellite final state corresponds to an exciton con-
sisting of 3d' plus a screening (bound) electron be-
low the l", or L, conduction-band minima. " By
introducing a gap in the density of states at the
Fermi level, the model presented in Sec. V can
also describe the semiconductor case.

In ¹-phthalocyanine~o and ¹iO, ' the resonance
can be analyzed in terms of the Ni ion, where
3P'3da+ yg p - 3p63d'- 3p'3d'gE lnterferlng with 3peM'8

+hp- 3p'3d'zl. Here we would expect the reso-
nance to be associated with final sta~es of the M'
configuration {the main line). Apparently the mul-
tielectron satellite shows a strong enhancement.
It ls posslMe that the 0 2p bands in N10 play R

role.
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