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The inner valence shell region in the photoionization spectra of NiCO, Ni(CO)4 and Cr(CO); is studicd by means of a
diagonal two-particle—hole Tamm—Dancoff approximation. Many body effects are found in the energy range of the CO-
ligand ionizations. The effects are more proncunced in NiCO and Ni{CQO)4 than in C1{CQO)s - Since similar resuits have to
be expected for adsorbate systems, the interpretation of photoemission spectra of such systems on the basis of the simple

one particle picture should be handled with care.

1. Introduction

From a great variety of applications it is nowadays
well known that the first few ionizations of a molecule
can be described quite well in the framework of the
one particle picture [1]. Each of the first few states:
of the ionized system is usually connected with the
detachment of a single electron from a well defined
molecular orbital. In other words, we can say thata
Koopmans state g 18y created by the sudden remo-
val of an electron from the orbital | ¢ ) decays mainly
into a single final state | ¢ ~")) as long as k denotes
one of the highest occupxed orbitals. Correspondmgly

“we-usually do not find satéllites in the region of the
first few ionization bands. This regxon we will cali the
““outer valence shell region” (OVSR). -
" If we go to higher excited ion states Cederbaum
and co-workers: [2-4] showed for small and medium
» mzed mo]ecul&s,that the' one-to-one corrmpondence .
- of oné particle levels and. ionization lines no longer: -
3 exxsts In this region a- Koopmans state’ ‘decaysinto - -
~.several ﬁnal States léadmg to the appearance of satel-_’ K
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This energy region is called the inner valence shell
region (IVSR).

The different sensitivity of outer and inner valence
shell ionizations towards many hody effects brings
about an interesting question: What happens if a mole-
cule with a relatively high first ionization potential
undergoes weak bonding to another species the first
jonization potential of which is low? In such a case,
the highest occupied orbitals of the considered mole-
cule which definitely belong to the OVSR in the free
molecule may become inner valence shell orbitals in
the bonded system due to the presence of high lying
occupied orbitals of the other species. Therefore we
might expect considerable changes in the correspon-
ding part of the photoionization spectrum, even if
the orbital wavefunctions are not altered dramatic-

" ally by this type of bonding. The miagnitude of these

effects strongly depends on the density of final states

- in the'e energy range of the primary Koopmans state
“and also on the coupling matrix elements between the
- Koopmans state'and the final states. Since both fae-

- .tors depend onthe detaﬁed electmmc structure, the
.-~ magnitude of the many electron effects’ wn be rather
S dxﬁ’erent even for similar molecules 5

" Froman expenmentahst s pomt of \new,
where outer valence orbltals are ‘ttansformed” mto
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Table 1

fonization potentials for NiCO obtained with different theoretical methods and from different numerical approximations. The
absolute values of all calculations are shifted in such a way that the first ionization fits the experimental value 7.5 eV above d-
band onset found for the NifCO adsorbate systems. This type of presentation follows the suggestion of Cederbaum et al. [11]

Orbital CNDO 3) EHT ®) Ab initio ©) SCF-Xa SCF-Xa ASCE ©) - cNpo )
unrest. d) rest. d)

3¢ 31.58 333 30.0 3148

4g 15.09 11.76 11.9/12.1 128 13.14

1x 9.13/8.64 9.0 177 75071 15 15 9.63

So 7.5 75 15 9.1/9.3 9.7 79 15

a) Ref. [91. from application of Kaopmans” theorem. (b) Ref. {10}, from application of Koopmans’ theorem.
e) From ref. {7].

application of Koopmans’ theorem. d) From ref. {8].
rem.

inner valence orbitals are approached if a molecule
like CO or N, is adsorbed on a clean metal surface

or bound to an electron rich metal atom in a transi-
tion metal complex. In both cases the bonding is very
similar which is the reason for the increasing impor-
tance of properly selected complexes as model com-
pounds for the study of the chemisorptive bond [5].
The uppermost occupied orbitals of the considered
molecule (termed “ligand™) are not much altered by
this type of bonding but energetically these ligand
orbitals are situated about 5 to 8 eV below the highest
occupied orbitals of the metal. It is therefore very
probable that the ligand orbitals can no longer be
considered as outer valence orbitais in the adsorbate
as well as in the complex. In the experimental spectra
some hints are found which seem to confirm this sug-
gestion:

(i) From measurements making use of techniques
like angular and energy dependent photoemission
with depolarized and polarized radiation, it seems
to be now ascertained that for carbon monoxide
adsorption on 2 transition metal surface the sequence
of the ionizations attributed to an electron detach-
ment from the ligand orbitals is altered with respect
to free CO [6]. This is especially true for the ioniza-
tions which are belisved to originate from the orbi--
tals labelled So and 1w in CO. In the free molecule
these ionizations are clearly separated with IP(S <
IP(hr) (VIP(50)=14.01 ¢V, VIP{1n) = 169 eV [1]) :
After coordination to 2 surface the correspondmg
ionizations are nearly degenerate with a shght favour
for the order IP(hr) <IP(9).

c) Ref. {11], from
) This work, from application of Koopmans' theo-

For model systems like NiCO this inversion is not
found on the level of the one particle approximation
but by more advanced calculations like ASCF [7] *
and Xa-SW [8] (table 1). As the latter methods
include parts of the relaxation energy, we are forced
to take into account nonuniform relaxation shifts
by which the sequence of ionizations can be altered
with respect to the one particle result.

(i) In transition metal carbonyls the average energy
of the ligand range of ionizations is shifted towards
lower energies as compared to free CO [1,12]. This
seems to be true also for CO adsorbates if the ener-
gies are referred to the vacuum level. Since bonding
to the surface or in the complex results in a stabili-

" zing bond shift, the low energy shift of the ligand

range of ionizations must be due to increased relaxa-
tion.

(iii) In the lxgand range of the jonization spectrum
of transition metal carbonyls Plummer and co-workers
found satellite structures which they ifiterpretated as
shake-up peaks fSc]. If this interpretation is correct,
it is the most convincing hint for the existence of non-
negligible many body effects. . ..

“To study in further detail the decreasmg suitability
of the one particle’ descnptmn and the increasing
importance of many body effects which accompany

the possx‘ble transfonnation of an outer vglence,she]l :

¥ Asum_ng the same correlation contnbutmns as in frée. co
the authors of ref- [7] prefer the sequence 55 < 1« for the -
final states of NiCQ in spite of the fact that their ASCF-..
mlc.ulanonspred.\ctln<50. LR D
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orbital of a free ligand to an inner shell one in a com-
plex or adsorbate, we have investigated the adsorbate
model system NiCO and the carbonyls Ni(CO)4 and
Cr(CO), by means of many body perturbation theory
[13]. This method, especially the Green’s function
approach, has been found to be one of the most suit-
able ones to describe many body effects in photoioni-
zation [3,14]. If applied to wavefunctions obtained
from ab initio calculations this method is, however,
numerically very expensive in the case of larger tran-
sition metal containing compounds. We thersfore
used wavefunctions obtained from an extended ver-
sion of the CNDO formalism introduced in part I of
this series [15a] which-is especially devoted to the
treatment of transition metal containing systems. It
has been shown earlier [16] that in the case of mole-
cules with light atoms a connection of the Green’s
function approach with CNDO wavefunctions usually
leads to at least the same qualitative conclusions as
the more advanced calculations. We therefore expect
that the qualitative changes following the bonding
of the ligand can be described quite well by this
approach.

2. Theory

To study many body effects in photoionization
we use the Green’s function approach [13,14] in
which vertical ionization potentials (VIP’s) and elec-
tron affinities are obtained as zeros of the inverse
Dyson equation
G Y w)=wl — e—E(w). )
This equation conpects the one particle Green’s func-
tion: with the single particle enesgies e; (collected in
the diagonal matrix £) and the so-called self-energy
part E(w). & depends on the perturbation 7
H'=H - Hpu . @
which is the dlfference between the exact hamiltonian
H of the N- fenmon system and the model hamiltonian

Hypy used to dmrﬂ:e the system in the independent
particle appromnatmn The often used order by order

expansxon . L
E(w) ‘J“ )(w) + 7-‘-(2’(&)) + 2(3’(00 e G

does not reproduce the correct pole stmcture ifone

goes beyond second order [17]. For the cuter valence
shell region which is defined by

lex!<IZ7Y, Z7'=2enomo — €LuMoO @

in this expansion [13,14] this incorrect pole struc-
ture does not cause any serious effect since all the
poles of E resulting from third and higher order con-
tributions are well separated from €. For the lower
lying levels, however, the orbital enesgies € lie often
close to the poles of I and thus one has to use an
approximation which resembles the correct pole struc-
ture of the exact self-energy part. As shown by Ceder-
baum {17] this structure is analogous to that of the
second order contribution

Egc) (w)= E Vk]ab(szmab - Vko;ba)
¢ ja,b w+ € —€ —€p

X (n,-n,,nb + njn,,rzb) N )

n; = occupation number, #;=1-n;,

in the order by order expansion.

The most prominent approximations which go
beyond second order but retain the correct pole struc-
ture are — in the order of decreasing numerical effort
and therefore decreasing quality — the “coupled 2ph-
RPA™ 3], the “ancoupled 2ph-RPA”, the “2ph-TDA",
and several types of “diagonal 2ph-TDA™ [2,3,17,18].
The first two methods are numerically so extensive
that no applications have been published up to now.
For the latter two, some calculations are available for
molecules with light main group elements [2,3,17—-19].
These calculations have shown that the different TD
approximations lead to very similar results. We there-
fore use a simple form of the “diagonal two-particle—
hole Tamm~—Dancoff approximation” (d2ph-TDA) in
this work. This incorporates parts of third and even
higher orders of the perturbation expansion. Fora
detailed discussion of these connections we refer to
the recent papers of Cederbaum et al. [2,3,17—19].

If the parent N-particle systém has a closed shell
ground state wg")) the d2ph-TDA 1eads to the {oi-
lowing matrix elements:

d2ph-TDA _ - -
Ek;% »T A —j,é,)b {Vkiab(z_ Vguiab - Vkoiba)

X@Grgny + flﬁaﬁb)/ [w + €~ € — & ,
+ (Zjnahy — nflany) Bjopl} s : 6)
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with

Ajap = Vavab — Vaaj — Vijoj - )
With the exception of the term in the denominator
_containing Az, €q. (6) is identical to eg. (5).

The denominator of eq. (6) introduces two types

of poles, the so-called “affinity poles (nfi,m, = 1)”
and the “jonization poles {jn,np = 1)”. The affinity
poles are of little influence for ionizations from inner
valence shell orbitals as they lie usually far apart from
the corresponding orbital energies. The ionization
poles are found at energies

Zp=Cter—§— Ajep - ®)
Since Ay, is usually negative the onset of the inner
valence shell region is shifted to lower ionization
potentials compared to the order by order expansicn
of £ {eq.(1)]. For the systems studied in the present
paper this however, makes hardly any difference
since nearly all the ligand orbitals are inner valence
orbitals also if we use eq. (1).

For the outer valence shell region the d2ph-TDA
usually yields the same qualitative results as the order
by order expansion but from a quantitative point of
view the TD-results are less favourable [2,3,17-19].
We therefore give only brief comments on these
results. ’

3. Numerical procedure

As mentioned in the introduction, CNDO/2 wave-
functions have been used successfully in connection
with the application cf the Green’s function approach
to the direct calculation of relaxation energies of
molecules consisting of light elements [16].1t is
therefore, reasonable to use the same approach for ..
transition metal contzining systems where the use of .

ab initio wavefunctions becomes numenmﬂy extre- .
mely expensive. In the past, however, there had been

-, difficulties with the apphcanon of CNDO-type meth-

_ ods to transition metal containing systems. We there- -

" fore introduced a modified version of the CNDO-for--

- “aspects of such systems [15] . For the’ ‘details of the -
“method we refer to part I of this series [15a]. Here—
= :we]ust want to unaet]me that the mamextens:on, .

. ’.‘assumtxonston hmxtsth bi[l f theo-" -
. malism which since then has been successfully -« .- - ption strongly | compara tyo €o- "

applied to the theoretical investigation.of different’ T

: i; _the pt&sent mlcula ons.~

compared to the earlier work of Poplé et al. [20] and .
of Santry and Segal {21] and to the' refinements~ .
given by Blyholder [22a]-and Baetzold {22b,cl is .

the complete decoupling of the exponents of Slatez- i
type orbitals belonging to different angular quantum
numbers ! for the metal atoms. The necessary param~
eters, for the metals appearing in this paper (Cr Ni) -

are the same as in part II [15b].

For the:non-metal atoms we still use the standard
CNDO/2 parameterization (a further extension, where
s and p exponents are decoupled also for the second
row elements, is in progress). This limits the applica-
tion of our method to those ligands for which at
least the sequence and the relative spacing of the high -
lying orbitals are reproduced sufficiently well w1thm
CNDOJ2. Fortunately some of the most interesting
ligands as e.g. CO or carboxylates fulfill this require-
ment. For complexes with such ligands our method
yields not only reasonable one particle energies but
also reliable electron densities.

One should however be aware of the fact that we
cannot necessarily expect absolute values for the
vertical ionization potentials from a perturbatica
treatment based on semi-empirical wavefunctions.
Tnstead we have to discuss the obtained Koopmans
defects themselves and compare these quantities for
different ionizations and for different compounds.
The observed trends can then be used to interpret many
body effects in connection with photoionization. The
intensities in our calenlated spectra are approxlmated
by the pole strengths obtained from

—1 -
| ] . ®

WEWL- .

The pole’ strength Py is related ta the squared projec-

tion of the Koopmans® state akubﬂ” })onto the final

Py = [1 - _‘(2 + e)k

 states. 1Y N=1)). Thus the use of Py, as a-measure of the

intensity corr%ponds to theassumpnon of mdepen-

" dent cross sections for all orbitals considered. Since °
. we know that the cross seg:pons may differ consxd- =
* erably for dmfferent orbitals'and that there is a pzo~

N e casea the above

ncunced energy: dependence
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4. R&cults and d:scussmn DR ST om orbital from wh}ch.they gain their pole strength. Only

lines with pole strength greater than 0.01 are shown.
. Our results are shown in ﬁgs 1—5 The energy scale The intensities plotted in the figures are the calcu- -

in the presented spectra is positive as it is in an experi-  Iated pole strengths multiplied by the degeneracy of the
‘merital photoemission spectrum. For the spectra based - corresponding level. To get an impression of what the
on single particle results this means that we have plot- -  actual spectrum should lock like (in spite of the cross
ted —ey.. In the many particle corrected specira obtained . section problem} we have convoluted the theoretical .
by inclusion of many body effects through the d2ph-TD  line spectra with a lorentzian-type function of 1 eV

approximation [eq. (6}], the lines are labelled by the fwhm. In our opinion, this is an appropriate of
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presentation, especially for the inner valence shell . in CNDO/2: approxxmatxon. The lower part shows the
region, where many body effects often produce a Jarge result of our d2ph-TD calculation’ for the [VSR (abeve
number of low intensity lines leading to a more or less 25 €V) together with the result of the usual order by -
continuous background. One hasto be aware, however,  order caleulation. {163] for the OVSR (below 25¢eV).
that the strongly varying photoionization cross sections Several fairly. intense satellites appear between 25 and
are niot considered in such a presentation. - 50-eV which give rise to mainly three additional bands
We first discuss the inner valence shell regions (IV SR)- - .in the many particle corrected spectrum. Thisisin
of the free CO molecule. The strong many body effects - qualitative agreement, as well with the calculation of

appearing in this region become immediately obvious . Schirmer et al. [23]; based on ab initio wavefunctions,
if we compare the two spectra shown in fig. 1. The as with the experimental observation [24] (compare
upper part contains the single-particle result obtained inset in fig. 1b). The energy of the calculated bandsin
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our many parncle corrected spectrum is, however, - - therefore conclude that for CO the most unportant
about 20% too high. This is about the same value as interactions which determine the influence of many
found for the CNDQ-orbital energies if compared to - - body effects are descnbed quite well in' the framwork
those obtained from ab mmo calculations [25]. We ‘ of the standard CNDO-method. We want to mention,’
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Fig. 3. Single particle result for CO, (CO)4 and (CO)s- The geometry of the clusters is taken from Ni(CO)4 and CI(CO)G. The ozbi-
tal Iabelling is adjusted to the real carbonyls (see text). .
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free Hgand itself. The largest stabilization among the - particle pictuzs were applicable to the whoie energy
ligand orbitals is found for 5g, the orbital respon- range we would have to expect 2 spectrum (fig. 2a).
sible for the o-donor bond to the metal atom. Cor- _ in which the lgand range — with the axceptxan ofa
respondingly, one d-orbital of the metal {(i,_z yisde- decrease in the distance between Soand In—is .
stabilized a bit more than the other four. If the one very similar to the spectrum of free CO. The many
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Fig. 5. Theoretical photoemission spectra for Cr(CO)s- (a) Koopmans® approximation; (b) many particle corrected spectrum; (c)
difference spectrum between (a) and (b); inset: experimental spectrum from ref. [27b].

particle corrected spectrum (fig. 2b) shows, how-
ever, a completely different appearance. Especially
in the ligand range this spectrum exhibits hardiy any
resemblance to the one expected from the one par-
ticle picture (fig. 2a). The most drastic effects are |
obsetved in the range of the 3¢ ionization. In this
case we do not find a peak which can be related
directly to the one particle detachment. The highest-
pole strength found among the resulting transitions
is 0.33: 30 is;, however, an inner valence shell orbital,
100, ini free CO and the appearance of strong many
body effects is therefore not astomshmg “The much

- more interesting part of the spectrum is the energy -
range between 10 and 30 eV where we expect the *

: 1omzatxons orxgmaung from So, 17 and 4¢. These -

-orbltals bemg of outer valence sheli type in'the free -
hgand now ‘belong to the inner valence shell tégion.

K\'A followmg eq. 8)] ‘Correspondingly the man ;
. body effects are comparable 1o thosé observed f 30.

’Thehlghest pole strengths found- for the transrtwhs

ongmatmg fmﬂ} 30, 1mand 4o are about as, ShOWlng"- -3 from our study on NiCO, is the considerable shift of

the ﬁnaI result in an appromate niannefto the one" i

particle detachments. In the case of 1lx, e.g. the most
intense peak is found at 15.2 €V with P=038. The
situation in this energy range is furthermore compli-’
cated by a number of satellites which ongmate ftom
the metal d states.

If the above mentioned criterion of maximum pole
strength is used, the bands most closely related to the
Koopmans’ states aso | W& ) and a,, 1Y) are found
at nearly the same energy. If we further take into
account that for free CO [25] CNDO/2 yields
&(17) somewhat too low compared to e(50) and
€(4r), this result is in agreement with ASCF-and
Xa-calculations on NiCO and with the expemnentally
observed inversion in the Ni/CO adsorbate system™
[6:26]. However, as the actual position of a calcu-

- lated band strongly depends on the density and nature

“of the poles of Z in the v1c1mty of the' correspondmg
- [For 271 we find =216 eV following eq. (4) and —11 7

Koopmans state, one shonld be very careful not to’
overestimate the resuits obtameq from such a snnple ’

' : model system as NiCO. -

- ‘The most mterestmg quahtat:ve rmult obtained -

inse-ionizations. caused by many hody effects.

e Thxs s‘mft I&nds to the consequence that the most
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intense ligand bands appear at lower ionization poten-
tials than in free CO. This is in contradiction to the
expected bond shift. For adsorbate systems it is, how-
ever, difficult to prove this result. Experimentally it
is difficult to directly relate the absolute energy scale
of a gas phase spectrum to the scale of a spectrum
taken from a surface. Such a comparison is much for
easier for the carbonyls Ni(CO), and Cr(CO)s for
which gas phase spectra are available [5¢,27].

Before we present the results on the carbonyls,
we want to make a short comment on the dZph-TD
result for the OVSR included in fig. 2b. The pole
strengths are close to one; confirming the outer
valence shell character of these ionizations. The shifts
relative to the one-particle result are, however, about
twice as large as those found from an order by order
treatment [28]. This is mainly caused by two facts:

(i) The relative weight of second order contribu-
tions is larger in the d2ph-TDA and it is known that
these contributions usually overestimate the calcu-
lated comrections in the outer valence shell region
21

(ii) AH orbitals resulting from the CNDO-calcula-
tion are taken into account in our TD-calculations
whereas in the case of the order by order treatment
numerical constrains usually limited the set of inclu-
ded orbitals.

An important qualitative result found in the order
by order as well as in the d2ph-TD treatment is the
reduction of d-band width due to many body effects.
It is found for all three investigated species. A similar
effect has been proposed recently by Penn [29] for
bulk material. , )

To start the discussion of Ni{CO), we first look -
to a hypothetic cluster of four CO molecules in the

same geometric anangement they have i in the real’ coni- .

pound. The one-parhcle spectrum obtained from our .
CNDO calculation for such a cluster is shown in fig.
3, whereitjs compared to the one part'.cle spectrum
of a single CO-molecule. To facilitate a comparison -
with N(CO)4 the orbltals are Iabelled asin the real -

. compound, this means three 2,(s) and two ta (p) ate
added in the countmg The o—orbltals oftheCO -
moieties lead to symmetry adapted cornbmatxons

: belongmg to the irreducible repr&centauons a; a.ixd tz

_The mixing of the three t, combinations originating .

_ﬁ'om Sa, ir a.nd 4a is only moderate- 'I'hus &ch of .
the resultmg 0rb1tals m.n be Iabelled by rts symmetry

* - of free CO. (ﬁg‘_

and by its parent on‘bltal in the fxee hgand Asa
whole the one-particle spectrum of the (CO)4 cluster
closely resembles the spectrum of CO [15a].

If we now take into account the. imer'zfctlon with
the metal atom (Ni) the situation is not changed very
much (see fig. 4). As expected, all the ligand orbitals
are stabilized to some extent but the overall appear-
ance of the ligand region still exhibits a close relation
to the free molecule. As discussed in an earlier paper
of this series {15a] this is in full agreement with the
results obtained from ab-initio calculations {30].
Again, the levels originating from 1 of free CO
appear at somewhat too low energies in the CNDO -
result but the ordering of the different levels is essen-
tially the same as found from the ab initio data
[15a,30]. CNDQ as well as ab initio calculations
would predict a ligand range in the PE spectrum of
Ni(CO); similar to the spectrum of CQ, but shifted
to somewhat higher energies.

Inclusion of many body effects strongly alters this
prediction: fig. 4b shows the d2ph-TD result obtained
from our CNDO-calculations. The first two bands
are again shifted too much if compared tc an order
by order treatment [28], but the one-particle des-
cription for this outer valence region is also valid in
the TDA. The two bands are directly related toa
detachment of an electron from the orbitals 9t, and
2e, orbitals with predommant metal d<character. =

In the inner valence shell region we observe similar
drastic effects as in the case of NiCO. For most of the

- Koopmans’ states the interaction with valence exci- .

tations is so strong that it ‘becomes difficult to con-

nect the resuiting. bands wn‘.h a speaﬁc orbital. In.

fig. 4b only the most intense transmons are labelled

according. to the Loopmans state fiom wluch they

gain their mtens1ty. For the less intense transmon

the corr&spondmg mformatxon is collected in table. 2. .
- ‘Theligand bands whxch correspond to_the i ioniza-.

“tions from the orbltals 5 0, 1w and 4o are. lomted :
- mamly between 13 and 19 eVi in t.he many pamcle .

. b) Tlns shxft wardslower 1omza g
tlou potentxals-ls causedby many body effects, 7as :
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Table 2 - - : -
Orbital energies, many particle corrected ionization poténtials and associated pole strength as obtained for Ni(CO)s
Orbital  One particle Corrected Pole Orbital- One particle Corrected - Pole
energy .. energy strength energy - energy sength
6ap  —45.2° 444 0.01 le -215 42.1 0.02
: C : . 4332 0.01 : 31.3 007
4223 . 0.01 : 3¢9 - - 0.01
409 0.01 , . 283 0.01
40.7 0.01 21.0 - 0.02
40.2 T 007 18.2 0.01
39.7 0.07 i8.1 0.05
395 0.07 16.8 057
389 0.01
38.8 0.05
' 8ay -214 328 0.01
5ta —44.7 436 0.03 323 0.01
: 43.1 ’ 0.01 316 0.01
41.0 0.05 257 0.01
40.8 0.01 214 001
39.1 0.07 205 0.02
38.8 0.03 203 0.03
38.5 , 021 184 0.06
18.2 001
7a3 —30.1 335 - 002 ) 159 059
329 0.03
324 003 Tty —~214 379 0.01
318 0.04 31.1 0.05
30.7 0.02 288 . 0.01
29.1 0.01 - 283 0.01
279 : 0.01 : 209 . 0.03
27.6 : 0.01 20.7 0.01
26.0 0.01 B 173 0.07
247 0.04 15.6 0s
24.7 ’ 001
24.3 0.1 1t; —206.4 © 421 001
23.8 -0.04 31.1 0.06
23.6 © 001 300 0.01
234 . 0.1 - .281 0.01
- 177 0.1
6ta | -242 _ 319 .. 0.04 , 175 0.04
’ ’ - 304 0.01 16.5 064
27.9 o T 001 : :

20.7. 0.05 8t  —~18 . 28.0 : . 001
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in the case of the model system NiCO and has nothing
to do with destabilization of orbitals.

The experimental spectrum (inset in fig. 4b) [27a]
shows an intense band between 13.5 and 16.5 eV
and some additional week structures between 17.5 and
20 eV. The first part of the intense band (13.5 to
14.5 eV) is most likely connected with an ionization
from the orbital 8t,, an orbital which originates from
56 of free CO. The region between 14.5 and 16.5
eV should — by comparison with the theoretical
results — be attributed to a superposition of a number
of different transitions, most of which are strongly
influenced by many body effects. The weak band
observed around i8 €V in the experimental spectrum
was assigned to ionizations from 6t, and 72, (resul-
ting from 40 of CO) by Hillier et al. [27a,30] in the
framework of the one particle picture. From our
calculation it is more likely that the 18 eV band cor-
responds to the structure found at about 20.5 eV in
the many particle corrected spectrum. Due to the
distribution of the 61, intensity to several final states
this band should not be directly related to the orbital
6t,. The intensity of 7a; Is also distributed to several
final states and it is likely that the corresponding
band cannot be discerned from the large number of
satellites following the intense bands found around
17 ¢V in the theoretical spectrum.

Between 25 and 40 eV two further bands are pre-
dicted in the theoretical spectrum but up to now
there is no detailed experimenta] investigation avail-
able for this energy region.

We now turn to our final example Cr(CO)¢ . The
one-particle spectrum of the pure ligand sphere is
shown in fig. 3. As in the case of Ni(CO), the num-
bering of the orbitals of the ligand cluster is adjusted
to the final carbonyl by adding three 2, (for 1s, 2s
and 3s of Cr) and two t;, (for Zp and 3p of Cr). Again,
we find only little mixing of ¢ and mcontributions in
the three t;, orbitals and it is possible to assign all
the levels of the (CO)s cluster by their symmetry and
their parent crbitals in the free molecule. Interaction
with the metal atom does not change the general ap-
pearance of the one particle spectrum very much -
{fig. 5a). The most pronounced effects are found for
the levels Se;, 7t,,, and 7a,; which are considerably
stabilized. A comparison with ab initio data [30]
shows that this stabilization is overestimated for
7a;, and Seg. Taking this into account we would

expect mainly three bands in the ligand range if the-
spectrum would be determined by the one particle
result,

Different to NiCO and Ni(CO), this prediction
is not changed if we include many body effects (fig.
Sb}. Again the whole ligand range is shifted to lower
energies (compare fig. 5¢) but the overall structure
is conserved. For the first seven transitions the pole
strength exceeds 0.6 showing that these transitions
can be reasonably well described in the one particle
picture in spite of the fact that they originate from
inner valence shell orbitals. Correspondingly the
number of satellites, the pole strength of which
exceeds 0.01 is considerably smaller than in Ni(CO),.
The threefold structure predicted in the many par-
ticle corrected spectrum is in agreement with experi-
ment (compare inset in fig. 5b). The intensity enhance-
ment found for the 18 eV band in the Hell-spectrum
makes it very probable that this band does not resuit
only from satellites [27b]. Relative to the other tran-
sitions, those connected with orbitals originating
mainly from m-orbitals of the free ligand are predic-
ted at somewhat too high energies. This is again due
to the overestimation of the orbital energy of 1 7in
CNDO/2.

Above 19 eV extended structure is found in the
Hell spectrum [27b] with maxima at about 19.9 and
23.4 eV, The band observed around 20 ¢V may well
be attributed to the satellite peak found at 22 eV in
the many particle corrected spectrum.

Contrary to the energy range where we find the
ionizations connected with the detachment of an
electron from orbitals evolving from 5g, 17 and 40
of the free ligand, strong many body effects are again
found in the 30 range. Only a weak intensity band is .
predicted to appear at 7 eV below the peak expected
in one particle approximation. A band is observed

" at about 35 €V in the X-ray excited spectrum [5¢].

This band was already assigned by Hillier et al. [30]
to the orbitals 5t4,, 3¢; and 6a,, (found around 43
eV in the ab initio calculation) but without any expla-
nation of the 8 eV shift. - )
Taken as a whole, the induction of satellites in

- Cr(CO)s is less pronounced than in the other investi- A

gated system. If one thinks of the unoccupied d-orbi- .
tals in Cr(CO)s , which give rise to fairly low lying

d > d excitations this might be surprising, but our
investigation showed, that these excitations do not
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couple to the one-electron detachments from the
ligand orbitals.

5. Conclusions

In transition metal carbonyles and also in CO
adsorbates, the orbitals originating from 5o, 1w and
40 of CO are no longer outer valence shell orbitals
as in the free ligand but belong to the inner valence
shell region. This leads to the consequence that the
one particle picture which is well applicable to the
first three ionizations of CO is not necessarily applic-
able to the ligand range in the PE spectra of the com-
plexes. Strong many body effects are obsarved in
this energy range due to the energetic neighbour-
hood of excited configurations. Although the details
in the results depend on the energy of these configu-
rations and therefore on the parameterization of a
seri-empirical method like CNDO the following
generalizations should be independent from the spe-
cific numerical results:

(i) The ligand bands are shifted considerably
towards lower energies. This shift is usually larger
than the shift observed for the outer valence sheil
ionizations thus reducing the gap between d and
ligand-range. The barycenter of the ligand bands is
now found at lower energies than that of free CO in
agreement with the experimental findings but in
contradiction to simple orbital considerations.

(ii) In some cases many body effects become so
strong that the one-to-one¢ connection betwesn photo-
emission bands and single orbitals — always valid in
the cuter valence shell region in spite of more or less
pronounced relaxation shifts — gets lost. Among our
examples such situations were especially found in
‘NiCO and Ni(CO);.-

From these two results it becomes obvious that a
Koopmans-type of interpretation is not always ap-
propriate to analyse the ligand range of a carbonyl
complex or an adsorbate. Also if it is possible to esta-

- blish a connection between observed bands and cer-
tain orbitals by variation of excitation energy or by
angular dependence this does not always reveal the
expected information on the ordering, spacing and

_actual position of the parent orbitals. In the model
system NiCO, e.g. the actual position of the bands

attributed to Soand 17 is strongly influenced by
many body effects.

The results obtained from our three examples also
show that it is difficult to extrapolate the influence
of many body effects even in 2 series of closely rela-
ted compounds. The many body effects were found
to be strong in NiCO and Ni(CO), but much less
important in Cr(CO), . A similar result may be found
if we go from NiCO to more realistic models of adsor-
bates containing more than one metal atom. Results
on model systems like NiCO must therefore be con-
sidered only as a first step beyond the simple applica-
tion of the single particle picture towards a better
understanding of adsorbate systems.
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