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In N-ickel-Phthaiocytxnine a resonant en"nari2ement at the

3p - Ni photoabscvptio". maxinwr. (hv - G8.t &V) of a peak

apprcxi-mately S eV below the maximor, of the !!i '6d de.rived

states is obserV&d in photoenrission expcriments uith variable

ßxcita.t'ion energy (Synchrotron vadiation). Our obseruatior, of

ihis resonance, expiained by Konfiguration •interactior. of

Ni 3p -> 3d and 3d - eontinuurri transitions, givss direot evidenae

for the aiomic nature of ihe 6 eV resonanne striidur-e in photo-

emi-ssi-on from bulk !!i.

Work supported by Bundesministerium £iir Forschung und Technologie BMFT
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In m e L a L phthalocyanines ( P C ' s ) the central metal atom replacing the

two H atoms of the metal free PC is surrounded in a quasi-matris by

well defined l igands of low atoraic weight (see insert in Fig. I). The

bonding is in most cases covalent . Recent photoemission experiments

2
with var iable photon energy have ehown that the gross features of

the p a r t i a L cross sectinn dependeiice o£ the outer metal core levels

ca:i be described in an atomic picture support ing the model of a metal

atom in a matrix. By measuring the photoelectron energy distribution curves

(PED's ) from both, the metal- and the metal - f ree-PC, d i f f e r ence spectra

emphasizing the contributions of the metal atoms to the valence band

density of states can be obta ined . Experimental.ly th is method applied to

metalorganic mater ia ls where a £ew metal atoms are dispersed in a quasi-

matrix is aiialogous to the d i f fe rence PE1) curves in photoemission experiments

from adsorbates. We note in passing that an assessment of the d i f fe rences

in the PED-curves from metal free- and metal-PC's by visual inspection has

4
been applied for a number of PC's in the solid phase and recentLy also

for the gas phase .

In tlie present paper we report ori photoemissiun experimenLs on Ni-Pc

and H.-l't: which reveal a resonant enhancement of a valence band peak in

Ni-Pc Ä 6. l eV beLow Llie maximum of Lhe Ni 3d dens i ty of valence states for

photon energies around 68 eV. Ihi* resonance is absent in H -Pc. We inter-

pret this enhancement äs a resonant photoemission of quasia tomic Ni causcd

by a con f igurat l on in te rac t inn between Ni !)p -* '3d and continuiim transit ions.

Our result strongly snppcirLs an aLomic Interpretat ion of the resonant enhance-

ment of the "6eV'-peak" in Ni-metaL observed recentLy for the same photon

energiea by Guil lot et a L . .

For Ni-metal many a t t e m p t s have been raade in u rd t r L i > nnders tand the struc-

ture o! Lhe '.id-bands and the peak wliicii is located r ipproximately 6 eV below

ehe Feruii edge. . The I n t e r p r e t a t i o n of this feature treiuaitis controversial



1 2 .
until nou. Kemeny and Shevchik have pointed out, that this peak may have

ehe same origin äs the satel l i te st tructure in the XPS-specLra of Lhe 2s, 3s

9
and 3p levels because of ehe very localized character of the Ki-3d electrons.

o

This Interpretat ion is based üii Lhe theory of Kotani and Toyozawa . Another

l 3explanatiun has been proposed by Smith et a L . , who are pointing out , that

the 6eV peak is consistent with a band structure picture for transitions

associated wi th a s-p band. Basically this view point has recently been

corroborated by Eastman et al. for a (111) surfaue of a Ki crystal. These

authors explained, based on the dispersion observed in detailed angular

resolved photoemisssion experiments, the 6eV peak off resonance äs due to

transitions from the s-p derived Ni valence band fr ,

Experiments by Tibbetts and Egelhoff on Ni vapor, deposited on an araorphous

carbon Substrate, suggestcd that the origin of the 6eV-peak has a dominant,

atomic character. The photoemission experiments by Guillot et al. using

continuous Synchrotron radiation Bhow a sLrong resonance enhancement of the

6eV feature due to coupling of the quasidiscrete 3p -> 3d transition with

cuntinuum states in the photon energy region between 63 eV and 73 eV. As

these authors pointed out, the "6 eV peak" off resonance and the resonance

must have a different physical origin.

In order to clar ify this Si tuat ion photoemissioii experiments f rom atomic

Nickel at the same photon energies would be highly desirable. In view of the

apparent d l f f i c u l t i e s of s-uch experiments we. have investigated Ni in a

quasi-atnmic state, naraely in a PC-matrix.

Polycrystalline thin f i l m s approxiraately 200 A thick have been used äs

samples. They were sublimed onto a stainless steel Substrate from p u r i f i e d

powder (Eastman and Kodak). The rnolecular structure of the cnmpciund is

sketched in the insert of rig. 1. In solid Ni-PC the minimum Ni-Ni distance

0 l 6
is 4.7 A , which is about two times larger than in the tnetal phase. Fyrther-

more, the part ic le density of Ni in Ni-PC is by a factor nf about 50 smaller
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than in the metal . Dur photoemission experiments were performed at the

Synclirotrun [ladiation Laburatory at the DORIS storage r ing in Hamburg.

Synchrotron radiat ion was monochromatized wi th the grazing incidence mono-

chromator FLTPPER . A commercial double pass nyl indrical mirror analysier

was used äs the electron analyser. In general, an overall resolution of

0,5 eV was s u f f i c i e n t for Lhe ob.served structures in the PED's.

A selection from a faraily of PED ciirves for Ni-Pc in the ränge of photon

energies between 63 eV and 152 eV is displayed in Fig. I. The binding energy

scale E„ is referrred to the vacuum level E„ s 0. Spectra up to h\ = 75.9 eV
n v

have heen normaliaed in intensity at E ^ 24 eV. This normalization is justi-

2
fied in view of the cross-section measurements by Iwan et al. , which show

a nearly constant intensi ty in this energy ränge. We note that

d i f f e r en t normalisation procedures gave essentially the same results . Speetra

obtained with smaller photon energies show the same shape äs the spectrum at

hu = 63.5 eV. For photon energies hv ^ 100 eV Lhe Ni 3d derived valence states

are strongly emphasized (see below). A spectrum of metal-free phthalocyanine

(H,-PC) at hv = 151 .6 eV is shown in Fig. 2 in comparison to Ni-PC. Note,

that this spect rum for H -PC is very similar to thuse from Ni-PC for hy ^ 63.5 eV.

From the specLra in Fig. l it is evident, that there i s a strong resonance at

trj = 68.5 eV and to a smalLer extend at hv = 69.9 eV at binding energies

around 13 eV. In addit ion to the resonant enhancement there occurs a shift in

binding energy for peak D of & 0.5 eV. This apparent s h i f t is caused by a super-

Position of the resonance fea tu re and the peak D originating from PC der ived valence

2-4
orbi ta ls . Since no similar enhancement was observed in the same energy regten

in PED's f rom other PC's (e .g . H -PC, Mg-Pc and Pb-PC), we can associate the en-

hancement: unaDibiguously with the cent raL Ni - atom. The magnitude of the resonance

has been estimated by comparing the spectrum at hu = 68.5 eV and hv = 69.9 eV with

with spectra obtained off-resonance at hv = 65.9 eV and 72.8 eV (shaded area in F i g . l ) .

The resonant enhancement is a ta i r ly large e f fec t in view of Lhe l : 50 d i lu t ion of

Ni atoms in Ni-Pc äs compared Lo bulk Ni and the large background signal due to PC-

derived valence states with the same binding energies.
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NexL we try to locate ehe resonanc.e peak with reference to olher known

features in the valence band density of scates in ehe PED curves. Using ehe

known Ni 3d - cross section dependence on hv we can eas i ly iden t i fy the

Ni - 3d contribution to the PED curve at hv = 151 ,6 eV. For Uiese photon

energies the Ni ~ 3d cross section i s an order of magni tude larger than

for hv * 65 eV. Thus the appearance of a new peak with increasing photon

energy 011 the low energy side of feature B is associated with the Ni - 3d

contribution. A quantitive measure o£ the extend o£ this 3d - contribution

to the density of valence states is obtained by caking the d i f fe rence spec-

trum between Ni - PC and H - PC spectra. For h-j = 1 5 1 . 6 eV this d i f fe rence

spectrum is shown by the dashed line in Fig. l and in more detail in Fig. 2.

In Fig. 2 we also coropare this d i f ference curve wi th a d i f f e r e u c e spectrum

*" 7
obtained by Tibbetts et al. for 0.2 A Ni on a carbon subs t raLe and with

an angle integrated PED curve for a thick solid Ni f i l m . From th i s compari-

son it is evident that the d i f ference curve reflects Ni-features . The maximum

o£ these Ni - 3d derived states is separated from the Ni-Pc valence band

feature B by about 1.3 eV and more important from the resonance feature

observed at hv = 68.5 eV by 6.1 eV (Fig. 1 ) .

Our results for quasi-atümic Ni resemble closely the observations for Ni-
6

metal , with the itnportant consequence that the resonance of the 6 eV peak

£or bulk Ni is a strongly localized atomic e f f e c t . Thus our experiment seems

to be the f i rs t experimental verification of this hypothesis. In the following

we discuss the nature of the "beVpeak" and the resonance in some more detail.

First we note that in both, nur difference curve A K ( E ) and the spectra by

Tibbetts et al. the Separation o£ the Ni - 3d derived maximum and the "beVpeak7

is about 4,5 to 5.Ü eV (Fig. 2) whcreas the resonance feature has a larger

Separation of 6.1 eV f rom the 3d maximum. This l eV d i f fe rence shous Lhat two

d i f f e r e n c processes contribute to what is vagueLy termed the "6 eV peak".
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-Next we discuss ehe nature of the resonance. As known from electron spin

resonance data the ground state of the Ni - atom in Ni-PC can be written äs

f, ft 7
3p 3d 4s (Ref l). Mostly the two s-electrons are invulved in bonding to the

ligands and their spat-ial density at the Ni site is about 50 7, . Thus we can

assume approximately a 3p 3d 4s ground state configuration in the mole-

cular environment. (Note that in Ni-metal the configuration is closer to

3p 3d 4s.) The origin of the resonance is a Fano-type interaction uf a

quaaidiscrete state with continuum states . If the photon energy reaches the

19 . .
maximum for 3p - absorption at around 68 eV the following transitiun can

uccur (neglecting 4s electrons):

T 6 ^J8 ^ V, O ̂  , ,93p 3d + hv -*- 3p 3d

This intt:miediat_e state is coupled with the 3d * cont inuum via autoionization

(Super Coster-Kronig Lransit ion):

3p 3d -*• 3p 3d + frce e lectrun

This kind of process has recently beeu observed and discussed in a number

of cases, where resonance enhancements in photoemission have been observed

,. ,, „ .6 ,20 . , , . , , , 2 0 , 2 1 , 2 2 , . . 20,23 , , .,,
(bulk Ni ; in rare earth compounds, 4d - - 4 t ; and in Ce 4d -* 4 t j .

Except for Ni, the authors of these investigations point out that the resonance

enhancement occurs within the respective valence band density of states and in

fact have used the enhancement in urder to locate hidden par t ia l density of

states
20 ,21 ,23

For Ni we have shown that the resonance is of atomic nature and occurs far

outside the 3d valence band density of states, which has a width of about 3.4 eV

The explanation for the resonance on the basis of a simple Fano-type configuration

interaction given above and proposed already for bulk Ni by Guillot et al. seems

to explain only part of the phenomenon. The question why there is no resonance

observed für the raain 3d features is still a standing problem. Thus caution

should be exercised in using the resonance enhanceraent for a location of hidden

energy bands äs proposed e.g. in Ref. 20,21 and 23.
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Figure captions

Fig. l For Ni-Phthaiocyanine the resonance enhancement at hv = 68.5 eV

is shown in a set of photoelectron energy d is t r ibut ion curves

obtained with various photon energies. The insert gives the mole-

cular structure of Ni-Pc (£ull circles indicate N-atoms while the

rest of the framework is buil t up by C and H-atoms). The binding

energy scale is referred ta ehe vacuura level E = 0.

Fig. 2 Photoelectron energy dis t r ibut ion curves £or H,-PC and Ni-PC at

hu = 151.6 eV are shnwn in the upper part. Counting rates have

been setequal at E„ ^ 25 cV whcre no pronounced valencc band
D

structure is observed. The dif ference spectrum (Si-Pc minus H -Pc)

AtJ(E) (middle pa r t ) is compared to a difference curve of Ni-atoms

dispersed on a carbon Substrate obtained with hv = 40.8 eV.

The lower panel shows the result for an evaporated solid Ni-film .

The binding energy scales for the upper and middle panel re fer

to E.;ar = 0. Für the lower panel the d-band maximum has been

alligned with Lhe AN curves. Nute Lhat in ÜN(E) Lhere is also a

small contribution at arcund E = 16 eV which is rtal buL admitledly
D

with larger error bars.
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